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Preface 


The Coronaviridae family is included in the Nidovirales order together 
with the Arteriviridae and Roniviridae. Possibly the first recorded corona- 
virus-related disease was feline infectious peritonitis in 1912. However, un- 
til the late 1960s the coronaviruses were not recognized as pathogens re- 
sponsible for human diseases (common cold), and it was in 2003 when hu- 
man coronaviruses (HCoVs) received worldwide attention with the emer- 
gence of the severe and acute respiratory syndrome (SARS), produced by a 
coronavirus (SARS-CoV), that has infected more than 8,000 people in 32 
countries, killing about 10%. The increase in research on coronaviruses 
soon led to the discovery of another human coronavirus (HCoV-NL63), 
which is prevalent in 7% of hospital patients and has been associated with 
bronchiolitis and, possibly, conjunctivitis. 

Coronaviruses have been identified in mice, rats, chickens, turkeys, 
pigs, dogs, cats, rabbits, horses, cows, and humans. Coronaviruses are as- 
sociated mainly with respiratory, enteric, hepatic, and central nervous sys- 
tem diseases. In humans and fowl, coronaviruses primarily cause upper 
respiratory tract infections, while porcine and bovine coronaviruses estab- 
lish enteric infections that result in severe economic losses. HCoVs are re- 
sponsible for 10%-20% of common colds, and have been implicated in 
gastroenteritis, high and low respiratory tract infections, and rare cases of 
encephalitis. HCoVs have also been associated with infant necrotizing en- 
terocolitis and are tentative candidates for multiple sclerosis. 

In some coronavirus members, such as transmissible gastroenteritis vi- 
rus (TGEV), three levels can be distinguished in the virion structure: the 
envelope, the core, and the nucleocapsid formed by the genome and the 
nucleoprotein (N). The CoV genome is a single-stranded positive-sense 
RNA genome of 27-32 kb that is infectious. Coronaviruses have the largest 
genome known for an RNA virus and probably one of the longest stable 
RNAs in nature. The genome of all coronaviruses contains a basic set of 
genes: the replicase (Rep la and 1b), the spike (S), envelope (E), mem- 
brane (M), and nucleoprotein (N) arranged in the order 5'-Repla-1b-S-E- 
M-N-3’ and a variable number of genes encoding nonstructural proteins 
intercalated between these genes in a position characteristic of each virus 
group. The production of coronavirus subgenomic mRNAs involves the fu- 
sion of sequences that are noncontiguous in the viral genome. Several 
models have been proposed to explain this discontinuous synthesis. Never- 
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theless, the model of Sawicki and Sawicki (1995), which proposes a discon- 
tinuous step during minus-strand RNA synthesis, is best supported by the 
available biochemical and genetic studies. 

Coronavirus reverse genetics was performed in the two last decades us- 
ing defective genomes, as cDNAs encoding full-length genomes were not 
available due to the large size of the coronavirus RNAs, posing relevant 
limitations. During the 1990s, reverse genetics in coronaviruses was possi- 
ble by targeted recombination developed by Paul Master’s group. This use- 
ful technology enabled the modification of the coronavirus genome by re- 
combination between a replicating coronavirus genome and nonreplicat- 
ing or replicating RNAs introduced into the same cell. This technology still 
remains a very useful tool for modifying the coronavirus genome. Signifi- 
cant progress was made in 2000 with the construction of infectious cDNAs 
encoding coronavirus genomes using a variety of technologies. Historical- 
ly, the construction of infectious cDNA clones started with the assembly of 
QB phage (4.5 kb) cDNA, and was followed by the construction of cDNA 
of RNA viruses with increasing complexity such as brome mosaic virus 
(with three RNA segments with sizes between 2.1 and 3.2 kb), poliovirus 
(7.5 kb), closteroviruses (19 kb) and, finally, coronaviruses (27-32 kb). 
The two main problems associated with the construction of infectious 
cDNA clones—the fidelity of reverse transcriptase and the toxicity of se- 
quences derived from eukaryotic viruses in bacteria—were aggravated for 
coronavirus genomes due to their extremely large size. These problems 
have been overcome by following different strategies. The first infectious 
cDNA clone was constructed for TGEV in bacterial artificial chromosomes 
(BACs). These plasmids presented a reduced toxicity in bacteria since only 
a single copy, maximum two per cell, is produced. Other approaches were 
the assembly of a full-length cDNA in vitro, or the use of poxviruses as 
cloning vectors. 

The construction of infectious cDNAs for different coronaviruses 
[TGEV, HCoV-229E, infectious bronchitis virus (IBV), mouse hepatitis vi- 
rus (MHV), and SARS-CoV] enables nowadays deep insights into corona- 
virus replication and transcription mechanisms, virus—-host interactions, 
and development of strategies to protect against coronavirus-induced dis- 
eases. This volume consists of eight chapters. The first two provide a per- 
spective on coronavirus genome structure, replication, and transcription. 
The third chapter concentrates on the replicase, the most complex corona- 
virus gene. The fourth chapter reviews the viral and cellular proteins in- 
volved in coronavirus replication. This chapter includes cellular factors in- 
volved in virus-host interaction, a new avenue that is attracting the atten- 
tion of many scientists. The fifth chapter reviews the design of targeted re- 
combination in coronaviruses and its application to the analysis of the rep- 
lication and morphogenesis of this virus family. The construction of virus 
vectors derived from RNA viruses is a comprehensive process that requires 
for optimum performance the availability of an infectious cDNA clone, 
knowledge of virus transcription mechanisms to optimize mRNA levels, 
determination of the essential and nonessential genes to create room for 
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heterologous genes, and a strategy for vector safety. These aspects are re- 
viewed in the sixth chapter, using TGEV as a model, and also in the last 
two chapters, using HCoV-229E and MHV genomes. The content of these 
chapters clearly shows that a new family of virus vectors based on corona- 
virus genomes has emerged with high potential, due to the variety of tissue 
and species tropism of these vectors, their large size (providing them with 
a large cloning capacity), and the possibility of multigenic expression us- 
ing the extensive repertoire of subgenomic mRNAs that are transcribed in 
coronaviruses. In addition, in the last chapter the construction of the first 
infectious cDNA clone of SARS-CoV is described, allowing the study of the 
molecular biology of this virus in order to understand the molecular basis 
of its virulence and the development of recombinant vaccines to prevent 
coronavirus-induced diseases. 

I certainly hope that this volume will be useful to academic researchers, 
scientists involved in human and animal health, and enterprises involved 
in the fight against coronavirus-induced diseases. I would like to thank all 
the authors, the staff of Springer, and my colleagues at the CNB, CSIC 
(Madrid), for their help in the preparation of this book. 


L. Enjuanes 
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Abstract In addition to the SARS coronavirus (treated separately elsewhere in this 
volume), the complete genome sequences of six species in the coronavirus genus 
of the coronavirus family [avian infectious bronchitis virus-Beaudette strain (IBV- 
Beaudette), bovine coronavirus-ENT strain (BCoV-ENT), human coronavirus-229E 
strain (HCoV-229E), murine hepatitis virus-A59 strain (MHV-A59), porcine trans- 
missible gastroenteritis-Purdue 115 strain (TGEV-Purdue 115), and porcine epidem- 
ic diarrhea virus-CV777 strain (PEDV-CV777)] have now been reported. Their 
lengths range from 27,317 nt for HCoV-229E to 31,357 nt for the murine hepatitis 
virus-A59, establishing the coronavirus genome as the largest known among RNA 
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viruses. The basic organization of the coronavirus genome is shared with other 
members of the Nidovirus order (the torovirus genus, also in the family Coronaviri- 
dae, and members of the family Arteriviridae) in that the nonstructural proteins in- 
volved in proteolytic processing, genome replication, and subgenomic mRNA syn- 
thesis (transcription) (an estimated 14-16 end products for coronaviruses) are en- 
coded within the 5’-proximal two-thirds of the genome on gene 1 and the (mostly) 
structural proteins are encoded within the 3’-proximal one-third of the genome (8-9 
genes for coronaviruses). Genes for the major structural proteins in all coronavirus- 
es occur in the 5’ to 3’ order as S, E, M, and N. The precise strategy used by coron- 
aviruses for genome replication is not yet known, but many features have been es- 
tablished. This chapter focuses on some of the known features and presents some 
current questions regarding genome replication strategy, the cis-acting elements nec- 
essary for genome replication [as inferred from defective interfering (DI) RNA mole- 
cules], the minimum sequence requirements for autonomous replication of an RNA 
replicon, and the importance of gene order in genome replication. 


1 
Introduction 


Despite its unique property as the largest of the known plus-strand RNA 
genomes, the coronavirus genome shares with those of other plus-strand 
RNA viruses (excepting retroviruses) the properties of (1) infectiousness 
[and not using a packaged RNA-dependent RNA polymerase (RdRp)] 
(Brian et al. 1980; Schochetman et al. 1977) and (2) replication in the cy- 
toplasm in close association with cellular membranes (Denison et al. 
1999; Dennis and Brian 1982; Gosert et al. 2002; Sethna and Brian 1997; 
Shi et al. 1999; van der Meer et al. 1999). Many of the basic features of 
coronavirus genome structure and replication have been described in re- 
cent reviews (Cavanagh et al. 1997; Enjuanes et al. 2000a, 2000b; Lai and 
Cavanagh 1997; Lai and Holmes 2001; Luytjes 1995; van der Most and 
Spaan 1995). With the advent of reverse genetics enabling site-directed 
mutagenesis of any part of the genome (Almazan et al. 2000; Casais et al. 
2001; Masters 1999; Thiel et al. 2001; Yount et al. 2000, 2002), many of 
the mechanistic features of coronavirus genome replication that could 
previously be learned only from direct manipulation of defective inter- 
fering (DI) RNA can now be examined in the context of the whole virus 
genome. In this chapter, we review the current knowledge of coronavirus 
genome structure and organization and the cis-acting elements in coro- 
navirus replication and raise selected questions that we believe are im- 
portant for approaching a better understanding of coronavirus genome 
replication. 
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2 
Common Features of Genome Structure Among Coronaviruses 


In addition to the SARS coronavirus (treated separately elsewhere in this 
volume), the genomes of six species of coronaviruses have now been 
fully sequenced and reported in GenBank (as of November 2002): 
IBV-Beaudette (NC 001451, Boursnell et al. 1987), BCoV-ENT (NC 
003045, Chouljenko et al. 2001), MHV-A59 (NC 001846, Leparc-Goffart 
et al. 1997), HCoV-229E (NC 002645, Herold et al. 1993; Thiel et al. 
2001), TGEV-Purdue (NC 002306, Almazan et al. 2000; Eleouet et al. 
1995; Penzes et al. 2001), and PEDV-CV777 2001 (NC 003436, Kocher- 
hans et al. 2001). These, representing all three coronavirus serogroups 
(Siddell 1995), are schematically depicted in Fig. 1. Additional strains of 
BCoV [BCoV-LUN (AF391542, Chouljenko et al. 2001)], BCoV-Mebus 
(U00735, Nixon and Brian, unpublished data) and BCoV-Quebec 
(AF220295, Yoo and Pei 2001), and MHV [MHV-2 (AF201929, Sarma et 
al. 1999)] have also been reported. The genome sizes range from 
27,317 nt for HCoV-229E to 31,357 nt for MHV-A59, establishing them 
as the largest known among RNA viruses (Enjuanes et al. 2000a; Lai and 
Cavanagh 1997). The following similarities in genome structure among 
the six can be noted: 


1. The 5’ UTRs ranging in length from 209 to 528 nt contain a similarly 
positioned short, AUG-initiated open reading frame (ORF) relative to 
the 5’ end [Table 1; a situation that, by current terminology, is problem- 
atic because the “untranslated region” now becomes in part potentially 
translatable and thus should preferably be called a “leader” (Morris and 
Geballe 2000). The term “leader,” however, has an established meaning 
in the nidovirus lexicon (Lai and Cavanagh 1997; see subsequent chap- 
ters, this volume) of a 5’-terminal, genome-encoded sequence of 65- 
98 nt appearing on the 5’ terminus of each subgenomic mRNA species]. 
For purposes of this review, “5’ UTR” will refer to the sequence up- 
stream of ORF 1 (gene 1) despite the internally positioned short ORF. 
The short AUG-initiated ORFs (except for HCoV-229E) begin in a sub- 
optimal Kozak context for translation (Table 1) (Kozak 1991) and po- 
tentially encode peptides of 3-11 amino acids. 

2. The 3’ UTRs range from 288 to 506 nt [although some strains of IBV 
have 3’ UTRs of greater length because of internal sequence duplica- 
tions (Williams et al. 1993)], all possess an octameric sequence of 
GGAAGAGC beginning at base 73 to 80 upstream from the poly(A) tail, 
and all possess a 3’-terminal poly(A) tail (Table 1). 
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Fig. 1. Genomes of the six sequenced species of coronaviruses known prior to the 
discovery of the SARS coronavirus. Maps are drawn to approximate scale, and spe- 
cies are shown in decreasing order of size within each of the three groups. The rep- 
resentations are derived from data in the GenBank as of November 2002. For gene 1 
(ORFs la and 1b) the predicted protease cleavage sites are indicated by numbers 
and domains of known or predicted function are shaded and identified (PL, papain- 
like protease; 3CL, poliovirus 3C-like protease; TM, transmembrane domain; RdRp, 
RNA-dependent RNA polymerase; Z, zinc finger (metal-binding) domain; Hel, heli- 
case domain; C, conserved sequence domain). Genes 2-8 (or 9) are identified by 
their transcript name (la, 1b, etc.) or their abbreviated name of the protein product 
(S, spike; E, envelope; M, membrane; N, nucleocapsid; HP, hydrophobic protein; HE, 
hemagglutinin-esterase; I, internal). Literature references are described with the 
GenBank information (see text) 
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3. All have an extremely large gene 1 (separated into ORFs la and 1b and 
extending over approximately two-thirds of the genome) encoding non- 
structural proteins involved in proteolytic processing of the gene 1 
polyprotein products, virus genome replication, and sgmRNA synthesis 
(transcription). In each, gene 1 is translated as ORFs la and lab, with 
lab resulting from a pseudoknot-induced —1 ribosomal frame shifting 
event at a slippery sequence of UUUAAAC at the ORF 1a/1b junction 
(Fig. 2) (Brown and Brierley 1995). 

4. All encode the structural spike (S) glycoprotein, small envelope (E) pro- 
tein, membrane (M) glycoprotein, and nucleocapsid (N) protein, in that 
order, 5’—+3’ within the 3’-proximal one-third of the genome. A variable 
number of other ORFs appearing to be virus- or group-specific, many 
apparently encoding nonstructural proteins, are also found here. These 
(and their potential products) include ORF 3a (7.7-kDa protein), ORF 
3b (27.7-kDa protein), and ORF 7 [0.7-kDa hydrophobic protein (HP)] 
in TGEV; ORF 3 (25.3-kDa protein) in PEDV; ORF 4a (15.3-kDa protein) 
and ORF 4b (10.2-kDa protein) in HCoV-229E; ORF 2a (32-kDa pro- 
tein), ORF 2b [65-kDa complete or 34.6-kDa truncated hemagglutinin- 
esterase (HE) protein, depending on the strain], ORF 4 (17.8-kDa 
protein), ORF 5a (13.1-kDa protein), and an ORF internal to gene 7 
[23-kDa internal (I) protein] in MHV; ORF 2a (32-kDa protein), ORF 
2b (65-kDa HE protein), ORF 4a (4.9-kDa protein), ORF 4b (4.8-kDa 
protein), ORF 5 (12.7-kDa protein), and an ORF internal to gene 7 
(23-kDa I protein) in BCoV; and ORF 3a (6.7-kDa protein), ORF 3b 
(7.4-kDa protein), ORF 5a (7.5-kDa protein), and ORF 5b (9.5-kDa pro- 
tein) in IBV (Fig. 1; Brown and Brierly 1995, and references listed in the 
GenBank information noted above). Some of these, such as ORFs 3a 
and 3b in TGEV (McGoldrick 1999; Wesley et al. 1991) and ORFs 2a 


SS — eS 


Fig. 2. Pseudoknotted structures and slippery sequences responsible for highly effi- 
cient (25% -30%) -1 ribosomal frameshifting at the ORF la and 1b junction in gene 
1 of the six coronaviruses shown in Fig. 1. The slippery sequence UUUAAAC, identi- 
fied in bold, is the same in all sequenced genomes. The IBV pseudoknot-induced 
frameshifting was the first nonretroviral example of ribosomal frameshifting in 
higher eukaryotes (Brierley et al. 1987, 1989). The pseudoknots in MHV (Breden- 
beek et al. 1990) and BCoV (Yoo and Pei 2001) are nearly identical and are similar to 
the structure in IBV. In HCoV-229E an elaborated pseudoknot with three stems was 
shown by mutation analysis to be the functional frameshifting structure (Harold 
and Siddell 1993). In TGEV (Eleouet et al. 1995) and in PEDV (Kocherhans et al. 
2001) an elaborated pseudoknot was also predicted based on similarities to HCoV- 
2294 
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(Schwarz et al. 1990), 2b (HE) (Luytjes et al. 1988), 4 (Weiss et al. 1993; 
Yokomori and Lai 1991), 5a (Yokomori and Lai 1991), and I (Fischer et 
al. 1997) in MHV, have been shown to be nonessential for replication in 
cell culture, and their function in virus replication remains undeter- 
mined (de Haan et al. 2002). 


Presumably all coronavirus genomes are capped with a 5’ methylated 
nucleotide, but so far this has been demonstrated only in MHV (Lai et 
al. 1982). 


3 
Cis-Acting RNA Elements in Coronavirus Genome Replication 


3.1 
The 5’ UTR and the Translation Step(s) Preceding Genome Replication 


As with all nonretroviral plus-strand RNA viruses, a necessary early step 
in genome replication is translation of the genome for production of the 
RdRp and other proteins required for viral genome replication. The 
presence of a 5’ terminal methylated cap on MHV genomic and subge- 
nomic mRNAs (Lai et al. 1982) would suggest that coronaviruses use a 
cap-mediated ribosomal entry mechanism for translation. Mutation 
analyses of the 5’ UTR of BCoV indicate that a scanning mechanism is 
used for entry of ribosomes onto ORF 1 (Senanayake and Brian 1999). 
Curiously in light of these results, a methylated cap on DI RNA tran- 
scripts is not required for initiation of replication of BCoV DI RNA, 
which contains a genomic 5’ UTR. This molecule has a cis-acting depen- 
dence on translation for replication (Chang et al. 1994; Chang and Brian 
1996). It remains to be determined whether capping is required for 
translation and replication of the intact viral genome. It remains to be 
determined what enzyme functions to cap the viral RNAs (Ziebuhr et al. 
2000). 

In MHV it has been demonstrated that the viral nucleocapsid protein 
N binds tightly (Kg=14 nM) to the UCUAAAC intergenic region (also 
named transcription-regulating sequence, TRS) of the genomic leader 
and consequently may influence translation rate (Nelson et al. 2000; 
Tahara et al. 1998). Is this property of N common to all coronaviruses? 
If so, what role does it play in the regulation of genome replication? 

Does the intra-5’ UTR short ORF play a role in translation (or in sub- 
sequent replication) of the genome? With reverse genetics, disruption of 
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an analogous ORF in equine arterivirus had no apparent effect on virus 
replication in cell culture (Molenkamp et al. 2000), but the ORFs may 
not have homologous function in the two virus groups. Certainly, short 
upstream ORFs can have profound enhancing or suppressing effects on 
the translation of a downstream ORF (Morris and Geballe 2000), and 
their universal existence in coronavirus 5’ UTRs, albeit with little or no 
conservation in size or amino acid sequence (Table 1), would suggest 
that they function in the regulation of replication or gene expression. 
One possibility is that the intra-5’ UTR short ORF or some other 5’ UTR 
element, such as the binding site for N described above, is responsible 
for the repression of translation from the ORF 1 start codon in virus-in- 
fected cells (Senanayake and Brian 1999). 

Some observed phenomena in coronavirus genome and DI RNA rep- 
lication hint that the 5’ UTR might be bypassed altogether in order to 
meet the translation requirements for genome replication. One set of 
observations relates to a possible role for N in genome replication (Baric 
et al. 1988; Compton et al. 1987; Kim K and Makino 1995; Laude and 
Masters 1995; Nelson et al. 2000; Stohlman et al. 1988), a role that would 
set coronaviruses apart from arteriviruses in this regard because only 
gene 1 products have been shown to be sufficient for arterivirus genome 
replication (Molenkamp et al. 2000). N protein, for example, binds lead- 
er sequence with high affinity (Nelson et al. 2000), is present in a sub- 
population of coronavirus RNA replication complexes (Sethna and Brian 
1997; Sims et al. 2000), and is essential for infectivity of recombinant 
IBV full-length transcripts (Casais et al. 2001). If N is required, then 
some mechanism for the translation of N from the polycistronic ge- 
nome, such as an internal entry of ribosomes onto genomic RNA or for- 
mation of an early subgenomic mRNA transcript, would be needed, at 
least when infection is initiated by the genome alone (as in transfection 
experiments). Some evidence for internal ribosomal entry has been 
demonstrated for IBV mRNA 3 (Liu and Inglis 1992), MHV mRNA 5 
(Thiel and Siddell 1994; Jengrach et al. 1999), and TGEV mRNA 3 
(O’Connor and Brian 2000), making it prudent to consider an internal 
entry at these or other sites on the genome for protein synthesis. Anoth- 
er set of observations relates to a requirement for translation in cis of 
the DI RNA molecule to be replicated. Although some DI RNAs with a 
single ORF do not appear to require translation in cis for replication 
(Liao and Lai 1995), others do (Chang and Brian 1996; De Groot et al. 
1992; Van der Most et al. 1995). Might a cis-acting requirement for DI 
RNA translation reflect a similar cis-translation-dependent mechanism 
for genome replication as described for picornaviruses (Egger et al. 
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2000; Gamarnik and Andino 1998; Novak and Kirkegaard 1994) and fla- 
viviruses (Khromykh et al. 1999)? If so, then perhaps an internal ribo- 
somal entry for translation onto the 3’ proximal region of the genome 
might be needed for coronavirus genome replication. 


3.2 
The Pseudoknot and Slippery Sequence 
Involved in the — 1 Ribosomal Frameshifting at the ORF 1a/1b Junction 


Ribosomal frameshifting in coronaviruses was the first described non- 
retroviral example of ribosomal frameshifting in higher eukaryotes 
(Brierly 1987), and the earliest described higher-order RNA structure 
recognized as a cis-acting element in coronavirus genome replication 
was the pseudoknot located immediately downstream of the UUUAAAC 
slippery sequence in the IBV genome (Brierly et al. 1987, 1989; Brown 
and Brierly 1995) (Fig. 2). The pseudoknot in IBV was described as a 
hairpin-type and was shown by mutation analyses to be responsible for 
the highly efficient (25%-30%) frameshifting. Subsequently, a pseudo- 
knot with similar properties was found in gene 1 of MHV (Bredenbeek 
et al. 1990) and BCoV (Yoo and Pei 2001). Interestingly, the pseudoknot 
found in gene 1 of HCoV-229E was found to be quite different in struc- 
ture, possessing an extremely large loop 2 and a stem 3 (Fig. 2). This 
structure was termed an “elaborated” pseudoknot and was shown to 
function as such in in vitro measurements of frameshifting (Herold and 
Siddell 1993). The predicted pseudoknots in TGEV and PEDV gene 1 ap- 
pear to be quite similar to that in HCoV-229E (Eleouet et al. 1995; 
Kocherhans et al. 2001). The pseudoknot-associated slippery sequence is 
UUUVAAAC in all sequenced coronaviruses described to date. 


3.3 
Cis-Acting Elements Required for Membrane Association 
of the RNA with the Replication Complex 


Once made, or possibly concurrent with synthesis, viral proteins and 
(possibly) associated cellular proteins function to form the membrane- 
associated RNA replication complexes. Membrane association is a hall- 
mark of replication complexes of plus-strand RNA viruses, but the origin 
of the membrane and the anatomy of the replication complexes appear 
to differ among virus families. A preliminary understanding of the coro- 
navirus replication complex has come primarily from studies with MHV 
and partly from studies with TGEV. The following features have been 
observed: 
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1. The membrane in the MHV replication complex has shown markers for 
the endoplasmic reticulum and Golgi (Shi et al. 1999; Gosert at al. 2002) 
and, alternatively, the late endosomes (van der Meer et al. 1999; Sims et 
al. 2000). 

2. The replication complex is intimately associated with double membrane 
structures, and the anchored proteins are the hydrophobic sequence- 
containing intermediate cleavage products p290 and p150, and p210 
and p44, of ORF 1a (Gossert et al. 2002). 

3. There appear to be two populations of membrane-associated replication 
complexes separable by isopycnic sedimentation (Sethna and Brian 
1997; Sims et al. 2000). In MHV the less dense fraction (1.05-1.09 g/ml) 
was found to contain p65 and pla-22, products of ORF 1a, whereas the 
denser fraction (1.12-1.25 g/ml) contained p28 and helicase from ORF 
1b, and N (Sims et al. 2000). 


In TGEV two buoyant density populations (1.15-1.17 g/ml and 1.20- 
1.24 g/ml) were also found, and both had associated with them genome- 
and subgenome-length plus- and minus-strand RNAs (Sethna and Brian 
1997). Some S, M, and N proteins were associated with the denser popu- 
lation. The TGEV membrane replication complexes, furthermore, ap- 
peared to have an unusual impermeability to micrococcal nuclease. It re- 
mains to be determined precisely what proteins, viral and cellular, func- 
tion together to make up the coronavirus replication complexes and 
how they might be associated with the membranes and with one anoth- 
er. How might they differ between the processes of minus- and plus- 
strand synthesis? Between replication and transcription? Which proteins 
bind the RNA, both genomic and subgenomic, both plus and minus 
strands, within the complex? What is the stoichiometry of the compo- 
nents in the various complexes? What is the relationship between the 
RNA replication complex and the site of virus assembly at the Golgi and 
intermediate Golgi membranes? How is the genome selected and trans- 
ported from the replication complex to the site of virus assembly? Does 
the evidence of resistance of coronaviral RNAs to ribonuclease suggest 
existence of a compartmentalized replication complex and have implica- 
tions for resistance to RNA silencing (Ahlquist 2002) and long-term 
persistent coronaviral infections (Adami et al. 1995; Baric et al. 1999; 
Okumura et al. 1996; Stohlman et al. 1999)? 
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3.4 
5’ and 3’-Proximal RNA Cis-Acting Elements 
for DI RNA (and Presumably Genome) Replication 


Since the first description of their cloning and replication in helper vi- 
rus-infected cells, coronavirus DI RNAs have been used in attempts to 
define the minimal cis-acting sequence requirements for their replica- 
tion (Brian and Spaan 1997; Makino et al. 1985, 1988a, 1988b; van der 
Most et al. 1991). Through deletion analyses the regions harboring mini- 
mal cis-acting sequences have been mapped for DI RNAs from TGEV, 
MHV, BCoV, and IBV (noted as filled regions in the DI RNA maps in 
Fig. 3). For most of the DI RNAs it can be seen that these sequences re- 
side at the termini of the viral genomes for distances of 467-1,348 at the 
5’ end and 338-1,635 at the 3’ end. Further reduction in the sizes of 
these regions may result from further deletion analyses. Requirements 
for internal genome sequence elements appear to be DI RNA specific 
but may reflect requirements of the intact genome (see below). What is 
the nature of the terminal cis-acting RNA elements? Is a specific se- 
quence alone sufficient, or are higher-order structures required? So far, 
these questions have focused primarily on the small (2.2-2.3 kb) DI 
RNAs of the group 2 coronaviruses MHV and BCoV. 

With regard to the 3’ UTR of MHV-A59 and BCoV-Mebus, common 
replication signals exist between the two viruses. This was demonstrated 
by experiments in which the entire 3’ UTR of the MHV genome was re- 
placed with the equivalent region of the BCoV genome without loss of 
virus viability (Hsue and Masters 1997) and in a BCoV DI RNA chimera 
in which the BCoV 3’ UTR was replaced with the MHV 3’ UTR with no 
detectable loss of replicating ability (Ku, Williams, and Brian, unpub- 
lished data). More recently, BCoV DI RNA has been shown to replicate 
in the presence of MHV as helper virus (Wu et al. 2003). To date, three 
higher-order cis-acting elements mapping within the 3’ UTR have been 
characterized in MHV and BCoV (Fig 4): 


co 


Fig. 3. Map positions of minimal cis-acting sequences for RNA replication (solid 
boxes) and signals for packaging (stippled boxes) as determined from studies on DI 
RNAs and their derivatives. The schematic diagrams of the four coronaviruses stud- 
ied in this manner are shown. (a) Izeta et al. 1999; deletion analyses were done on 
derivatives of TGEV DI RNA C (9.7 kb) (Mendez et al. 1996); M21 contains minimal 
sequence elements for replication and inefficient packaging; M33 and M62 contain 
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small nonoverlapping regions of ORFs la and 1b that contribute to packaging; (b) 
Luytjes et al. 1996; van der Most et al. 1991, 1995; deletion analyses were done on 
derivatives of MHV-A59 Dla RNA (5.5 kb); (c) Lin and Lai 1993; Makino et al. 1990; 
deletion analyses were done on DIssF; (d) Fosmire et al. 1992; Kim et al. 1993; Kim 
and Makino 1995; deletion analyses were done on DIssE; (e) Masters et al. 1994; DI 
B36 is synthetic and was designed after the BCoV-Mebus DI RNA; (f) Chang et al. 
1994; deletion analyses were done on reporter-containing DI Drep1; (g) Dalton et 
al. 2001; deletion analyses were done on derivatives of 9.1-kb IBV DI RNA CD-91 
(Penzes et al. 1994); unknown regions within the UTRs suffice for packaging of DI 
RNA, but packaging is inefficient 
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Fig. 4A, B. Terminal cis-acting replication sequences and higher-order structures 
identified to date in the smallest of the MHV and BCoV DI (group 2) RNAs. A The 
DI RNA illustrated is that for BCoV, but the structures drawn (with the exception of 
the 5'-proximal stem-loops I and II and the upper portion of the 3’-proximal oc- 
tamer-associated stem loop) are phylogenetically conserved between MHV and 
BCoV. The open rectangle represents an open reading frame formed by the fusion of 
the first part of ORFla and the entire N gene. The 3’ higher-order structures are a 
61-nt bulged stem-loop (Hsue et al. 2000), a hairpin-type pseudoknot (Williams et 
al. 1999), a helix formed at the base of a long stem-loop and adjacent to the phyloge- 
netically conserved octameric sequence (Liu et al. 2001). The poly(A) tail is required 
for replication (Lin and Lai 1993;, Spagnolo and Hogue 2000), and the 5’-terminal 
55 nt are the minimal sequence requirements for minus-strand RNA synthesis in 
MHV (Lin et al. 1994). The 5’ higher-order structures are a stem-loop III and stem- 
loop IV within the 5’ UTR (Raman et al. 2002) and stem V within the partial ORF la 
sequence (Brown et al. 2002). B Experimental evidence for replication (accumula- 
tion) of reporter-containing DI RNA but not mRNA7 containing the same reporter 
after transfection into helper virus-infected cells (Chang et al. 1994). The only differ- 
ence between the two molecules is a sequence of 421 nt mapping between nt 74 and 
497 in the BCoV DI RNA 


1. A 68-nt bulged stem-loop beginning immediately downstream of the N 
stop codon consists in MHV of four stems (B, C, D, and F) and a 14-nt 
terminal loop (Hsue and Masters 1997; Hsue et al. 2000). Stems C, D, 
and F have been shown to be required for replication of both the DI 
RNA and virus genome. 

2. A 54-nt hairpin-type pseudoknot beginning 60 nt downstream of the 
bulged stem-loop (Williams et al. 1999). Both stems of the pseudoknot 
have been shown to be required for replication. The pseudoknot se- 
quence overlaps the downstream arm of stem F in the bulged stem-loop 
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such that the two structures cannot exist simultaneously. This led 
Hsue et al. (2000) to suggest a possible interaction between the two ele- 
ments, with the alternative conformations acting as a possible “switch- 
ing” mechanism. This switch has now been confirmed experimentally 
(Goebel et al. 2004).The pseudoknot appears phylogenetically conserved 
to some degree in all coronaviruses. 

3. A 74-nt bulged stem-loop mapping from nt 68 to 142 from the 3’ termi- 
nus in MHV contains two stems that demonstrated importance as cis- 
acting replication structures (referred to as stems A and B in Fig. 4) 
(Liu et al. 2001). Stem B, which shows greater importance in DI RNA 
replication, is phylogenetically conserved in structure between MHV 
and BCoV. Stem B is immediately adjacent downstream to the phyloge- 
netically conserved 3’ UTR octamer GGAAGAGC (Liu et al. 2001). 
Unidentified cellular proteins of 120, 55, 40, and 25 kDa molecular mass 
bind to nt 130-142 which is the upstream half of the internal loop in 
stem B (Liu et al. 1997; Yu and Liebowitz 1995). 


Proteins identified to date that bind within the 3’ region (or the mi- 
nus-strand counterpart of this region) include the poly(A) binding pro- 
tein (Spagnolo and Hogue 2000), mitochondrial aconitase, which binds 
within the 42-nt 3’-terminal region in MHV (Nanda and Leibowitz 
2001), and the polypyrimidine tract-binding protein, which binds to mi- 
nus-strand sequence complementary to nt 53-149 (strongly) and 270- 
307 (weakly) in MHV (Huang and Lai 1999). What roles the 3’ UTR 
higher-order structures play in RNA replication are not known. Because 
the 3’-terminal 55 nt were shown to be a minimal sequence requirement 
for minus-strand synthesis in MHV (Lin et al. 1994), the higher-order 
structures mapping upstream of the 55-nt sequence possibly play no 
role in minus-strand synthesis. Do they play a role in initiating or regu- 
lating plus-strand synthesis? Precedents in picornaviruses (Barton et al. 
2001; Herold and Andino 2001), alphaviruses (Frolov et al. 2001),and 
flaviruses (You et al. 2001) would suggest they might. Certainly the 
poly(A) tail through the poly(A)-binding protein is a candidate for 
such a process, perhaps through genome circularization (Spagnolo and 
Hogue 2000). 

With regard to the 5’ UTR it is known that the 5’-terminal sequence is 
required for DI RNA replication (Chang et al. 1994; Kim et al. 1993) and 
at least two stem-loops (stem-loops III and IV in Fig. 4) function as 
higher-order cis-acting signaling elements (Raman et al. 2003; Raman 
and Brian, unpublished data). A higher-order cis-acting structure map- 
ping within the first 290 nt of ORF1 (stem-loop V in Fig. 4) has also been 
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found (Brown, Nixon, Senanayake, and Brian, unpublished data). Pro- 
teins shown to bind within the 5’ UTR include the viral N protein, which 
binds in and around the leader-adjacent intergenic sequence motif 
UCUAAAC (Nelson et al. 2000), the polypyrimidine tract binding pro- 
tein, which also binds near the leader-adjacent UCUAAAC sequence mo- 
tif (Li et al. 1999), and hnRNP A1, which binds the minus-strand com- 
plement of the leader-adjacent UCUAAAC sequence motif (Li et al. 
1997). None of these has been reported to bind regions covered by stem- 
loops III, IV, or V depicted in Fig. 4. Might there be a process of leader 
priming of genome replication (Zhang and Lai 1996), as suggested by 
the phenomenon of high-frequency leader switching on DI RNAs during 
DI RNA replication (Chang et al. 1996; Makino and Lai 1989; Stirrups et 
al. 2000)? 

The question of what cis-acting sequences act in coronavirus RNA 
replication has relevance not only for genome replication but also for 
poorly understood features of sgmRNA behavior. It has been suggested 
that coronavirus sgmRNAs amplify by a replication mechanism (Brian 
et al. 1994; Hofmann et al. 1990; Sethna et al. 1989). This hypothesis 
made use of the argument that the termini on the sgmRNAs and ge- 
nome, identical at the 5’ end for the length of the leader (65-98 nt, de- 
pending on the virus species) and at the 3’ end for greater than the 
length of the 3’ UTR (i.e., greater than 300 nt), are larger than the known 
promoters for a viral RdRp [replication promoters in influenza and 
Sindbis viruses are less than 20 nt in length (Levis et al. 1986; Li and 
Palese 1992)] and are therefore large enough to harbor promoters for 
replication. The hypothesis was also consistent with the observations 
that (1) the molar ratios of minus-strand to plus-strand RNA are equiva- 
lent for sgmRNA and genome (i.e., 1:100), (2) the rate of sgmRNA accu- 
mulation is inversely proportional to the length of the molecule, (3) the 
rate of sgmRNA minus strand disappearance parallels that of antige- 
nome, and (4) sgmRNA minus strands possess 3’-terminal sequences 
complementary to the leader (Sethna et al. 1989). Furthermore, (5) dou- 
ble-stranded subgenomic mRNA-length RFs and RIs (Hofmann and 
Brian 1991; Hofmann et al. 1990; Sawicki and Sawicki 1990; Sethna et al. 
1989) were shown to be active in subgenomic mRNA synthesis (Baric 
and Yont 2000; Sawicki and Sawicki 1995, 1998; Sawicki et al. 2001; 
Schaad and Baric 1994). If the 3’-terminal 55 nt are the only requirement 
for minus-strand RNA synthesis (Lin et al. 1994), the possibility is left 
open that the subgenomic mRNAs function as a templates for minus- 
strand synthesis. At no time, however, has it been directly demonstrated 
that sgmRNA transcripts, with or without a reporter, are replicated in 
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the presence of a helper virus after transfection into helper virus-infect- 
ed cells (Fig. 4B) (Chang et al. 1994; Makino et al. 1991). Therefore, what 
features enable the replication of the DI RNAs but not sgmRNAs on 
transfection into helper virus-infected cells? The answer could lie in the 
function of the 5’-proximal stem-loops III, IV, and V residing within the 
421-nt region found in BCoV DI RNA but not found in sgmRNAs 
(Fig. 4A) (Chang et al. 1994). Do these higher-order structures bind viral 
or cellular proteins? Might they be signals working through long-dis- 
tance RNA-RNA or RNA-protein interactions? 


3.5 
Internal Cis-Acting Signals 
for DI RNA (and Possibly Also for Genome) Replication 


Most DI RNAs described for coronaviruses are comprised of more than 
just the terminal genomic sequences. That is, they are mosaics of inter- 
nal and terminal genome sequences. Replication of MHV-JHM DI RNAs 
has been found to be dependent on a 57-nt sequence mapping within 
ORF la (Kim and Makino 1995; Lin and Lai 1993). This sequence has 
been shown to form a secondary structure in the positive strand, and 
both the higher-order structure and its sequence are important for func- 
tion as a replication signal (Repass and Makino 1998). Does this struc- 
ture represent a cis-acting replication signal required for replication of 
the intact genome? 


4 
Packaging Signals 


Perpetuation of coronavirus infection via cell-to-cell spread requires that 
the genome be packaged into virions via one or more cis-acting packag- 
ing signals. Inasmuch as several small DI RNAs containing only terminal 
sequences are packaged, some form of signal sufficient for incorporation 
into virions must reside in the termini. This idea is consistent with the 
observed packaging of subgenomic mRNAs in TGEV (Sethna et al. 
1989), BCoV (Hofmann et al. 1990), and IBV (Zhao et al. 1993). Howev- 
er, these packaging signals may not be the ones used by the virus ge- 
nome for packaging. A candidate 69-nt genome packaging signal has 
been identified in mosaic DI RNAs of MHV (Fosmire et al. 1992; Makino 
et al. 1990; van der Most et al. 1991) that maps to a region within ORF 
1b, shows correlation of function with maintenance of secondary struc- 
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ture (Fosmire et al. 1992), and confers packaging on reporter RNA mole- 
cules (Bos et al. 1997; Woo et al. 1997). A homologous structure in BCoV 
ORF 1b also leads to packaging of nonviral RNAs (Cologna and Hogue 
2000). Do these represent the bona fide packaging signals for the viral 
genome? Is there perhaps more than one packaging signal, as suggested 
by the ability of more than a single region of ORF 1b to contribute to 
packaging efficiency in large TGEV DI RNAs (Izeta et al. 1999)? Perhaps 
not since a recent study shows only a single packaging signal encoded 
within the 5’-terminal 649 nts of the TGEU genome is sufficient (Escors 
et al. 2003). In addition to the N protein (Laude and Masters 1995), 
might the packaging signals interact with other components of the viri- 
on? Perhaps so since in MHV the envelop (E) protein (Narayanan and 
Makino 2001) and M protein (Narayanan et al. 2003) have been shown 
to play roles in packaging. 


5 
Minimum Sequence Requirements 
for (Autonomous) Genome Replication 


Although gene 1 products are the only ones required for arterivirus ge- 
nome replication and sgmRNA synthesis (Molenkamp et al. 2000), the 
story might be different for coronaviruses. Gene 1 of HCoV-229E in the 
presence of the genomic 5’ and 3’ UTRs was shown to be sufficient for 
sgmRNA synthesis when the intergenic sequence for MRNA 7 (N mRNA) 
and an mRNA body (gene for the green fluorescence protein) were pres- 
ent just downstream of gene 1 (Thiel et al. 2001). The authors, however, 
were unable to conclude that these sequences alone were sufficient for 
RNA replication or to rule out a role for N as an enhancer for transcrip- 
tion. These results, therefore, leave open the possibility that another 
gene function is important for replication. Autonomous replicons of 
TGEV containing only genes 1, 2, part of 5, and all of 6 and 7 have been 
described (Curtis et al. 2002). Reverse genetics with these and other 
coronaviruses now make feasible the analysis of the minimal sequences 
required for genome replication and should lead to a definitive resolu- 
tion of the question of the role of N protein in RNA replication. 
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6 
Importance of Gene Order for Genome Replication 


The gene order for coronaviruses, as for many positive- and negative- 
stranded RNA virus families, is highly conserved. In coronaviruses the 
essential genes pol, S, E, M, and N are invariably found in that order, 5’ 
to 3’, although they are sometimes interspersed with genes showing no 
essential function for virus growth in cell culture (discussed above). 
What is the significance of this gene order? If it is altered, what might 
the consequences be on virus growth? Might pathogenesis be altered 
such that the variants could be used as vaccines or vectors for other 
uses? 

The presence of nonessential genes 3a and 3b in TGEV for cell culture 
growth has enabled development of TGEV as a heterologous expression 
vector (see the chapter by Enjuanes et al., this volume) and as a virus to 
study the effects of gene rearrangements. In initial studies on the effect 
of gene rearrangement, the N gene has been duplicated (producing the 
genotype SNEMN) and repositioned (producing the genotype SNEM) by 
making use of gene positions 3A and 3B (K. Curtis and R. Baric, unpub- 
lished data). The N gene was chosen for repositioning because it en- 
codes the most abundantly expressed sgmRNA and is translated into the 
most abundant of the viral proteins. On the basis of general gene expres- 
sion patterns relative to the 3’ end of the genome in coronaviruses it was 
anticipated that expression of E and M would increase relative to N in 
the rearranged SNEM construct. When tested by transfection, the TGEV 
mutants SNEMN and SNEM were found to be viable but to replicate at 
about 10-fold and 1,000-fold less than wild-type virus levels, respective- 
ly. These results indicated that a specified gene order per se is not essen- 
tial for coronavirus replication in cell culture, but that order contributes 
in some way to a more robust virus yield. When TGEV SNEM was seri- 
ally passaged 15 times, the mutant gene order SNEM was maintained, 
but, surprisingly, virus growth was restored to near wild-type levels. 
Restoration of TGEV SNEM fitness as defined by virus yield was associ- 
ated with changes within the N-(partial) A3B-E junction region. These 
included removal of most of the residual (partial) AORF3B sequence, de- 
letion of the wt E intergenic sequence element, and activation of a new, 
highly transcriptionally active E intergenic sequence element just down- 
stream of the newly inserted N gene (Fig. 5B). These results indicate that 
high-frequency RNA recombination does not function to restore a spe- 
cific coronavirus gene order, at least over the short term, because the 
new N gene position in SNEM was stable for many passages. Rather, the 
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Fig. 5A, B. Effects of moving the N gene within the TGEV genome from its normal 
position to an upstream site. The N gene including its immediate transcription stim- 
ulating element (TSE)-containing upstream sequence of 24 nt was placed just down- 
stream of the 3a TSE sequence in a TGEV genome from which the entire 3a and a 
portion of the 3b gene had been deleted (A). Transcripts of the recombinant TGEV 
genome, designated SNEM, were transfected into cells, and progeny viruses were 
studied (B). Immediately after transfection (passage 0) the titer of progeny was low 
(<10° PFU/ml) and the genome sequence was identical to the original construct. The 
progeny (SNEM-1 and SNEM-4) grew more efficiently (~5.0x10° PFU/ml) after 9 
passages and reached wild-type levels (~1.0x10°*) after 24 passages. In all progeny 
the upstream 3a TSE sequence was used for leader fusion of the N transcript. For 
expression of the E gene, however, the story was different. At passage 0 (SNEM-0), 
transcripts of the E gene used the wt TSE as well as two additional sites, designated 
a and b within the ORF3b residual sequence, for leader fusion. In the SNEM-1 and 
SNEM-4 viruses the wt E TSE was deleted and transcripts of the E gene used the two 
new TSEs formed within the residual gene 3b sequence (a=4/5 clones, b=1/5 clones) 
in SNEM-1. In SNEM-4 only the a site was used for E gene expression. Thus the re- 
ordered TGEV genome was stable with regard to the new (upstream) position of N 
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coronavirus genome can rapidly develop compensatory changes to re- 
store virus replication rate (fitness) while maintaining a new gene order. 
Mechanisms of fitness restoration appeared to include recombination 
events and point mutations (Baric et al., unpublished data). It is likely 
that gene order mutants will provide novel insights into the regulation 
of coronanvirus transcription and replication, identify protein-protein 
interactions that function cooperatively to maintain robust virus fitness 
and growth, and assist in the identification of core sequence elements 
that function in sgmRNA synthesis. 


7 
Future Directions 


It is anticipated that reverse genetics, which now enables an alteration of 
any part of the coronavirus genome, will facilitate examination of the 
cis- and trans-acting elements in RNA replication and transcription 
within the context of the intact genome. These elements have until now 
been studied primarily in DI RNAs. In light of precedents established 
with many much smaller plus-strand RNA viruses of animals and plants, 
it would not be surprising to find novel long-distance RNA-RNA and 
protein-RNA interactions involving genome sequences not present in DI 
RNAs. Long-distance interactions are hinted at in comparative studies of 
DI RNAs (which replicate) and sgmRNAs (which do not replicate). What 
genes are important in regulation of replication and transcription, and 
how important is gene order in these processes? These questions can 
now be rigorously approached with reverse genetics. It is also anticipat- 
ed that a greater understanding of the assembly, stoichiometry, and 
function of the RNA synthesizing complexes will be gained through sim- 
ilar rigorous analyses. It is anticipated that one practical outcome of re- 
verse genetics will be the development of safe coronavirus-based repli- 
con vectors, not necessarily only those that become packaged, for vac- 
cine and other biomedical uses. Still in waiting is the development of an 
in vitro virus replication system such as that used for poliovirus (Molla 
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for over 24 passages, but in SNEM-1 and SNEM-4 additional mutations were selected 
upstream of the 3aTSE and in the M gene that greatly enhanced virus fitness and N 
gene expression. In SNEM the sequences of the TSEs are AACTAAACT for 3a, and 
ACAAAAC for E, TAACTAAACT for N, AACTAAAG for a, and AACACAAAAC for b 
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et al. 1991), in which complete virus replication can be accomplished in 
cell lysates. This approach would enable still more detailed analyses of 
the requirements for genome replication beginning with the infectious 
genome transcript. All in all, it is likely that the next decade will bring 
significant breakthroughs regarding our understanding of the mecha- 
nisms involved in coronavirus genome replication and transcription, the 
function of the replication complexes, and the development and applica- 
tion of coronavirus recombinant vectors for the treatment of animal and 
human diseases. 
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Abstract At the VIth International Symposium on Corona and Related Viruses held 
in Québec, Canada in 1994 we presented a new model for coronavirus transcription 
to explain how subgenome-length minus strands, which are used as templates for 
the synthesis of subgenomic mRNAs, might arise by a process involving discontinu- 
ous RNA synthesis. The old model explaining subgenomic mRNA synthesis, which 
was called leader-primed transcription, was based on erroneous evidence that only 
genome-length negative strands were present in replicative intermediates. To explain 
the discovery of subgenome-length minus strands, a related model, called the repli- 
con model, was proposed: The subgenomic mRNAs would be produced initially by 
leader-primed transcription and then replicated into minus-strand templates that 
would in turn be transcribed into subgenomic mRNAs. We review the experimental 
evidence that led us to formulate a third model proposing that the discontinuous 
event in coronavirus RNA synthesis occurs during minus strand synthesis. With our 
model the genome is copied both continuously to produce minus-strand templates 
for genome RNA synthesis and discontinuously to produce minus-strand templates 
for subgenomic mRNA synthesis, and the subgenomic mRNAs do not function as 
templates for minus strand synthesis, only the genome does. 
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1 
Introduction 


Our studies focus on a Group 2 coronavirus, mouse hepatitis virus strain 
A59 (MHV-A59). MHV-A59 was isolated in 1961 from a colony of 
Balb/C mice that were being used to serially propagate leukemia that 
was caused by a virus (Manaker et al. 1961; David-Ferreira and Manaker 
1965). Probably multiple serial passages of cell-free filtrates of leukemic 
cells in newborn mice selected from an endogenous mouse coronavirus 
a variant that replicated to high titer quickly and that produced, as a 
consequence, hepato-encephalopathy. In our laboratory MHV-A59 has 
the characteristic of replicating to high titer (>10’ pfu/ml) when cells 
such as 17cl-1 cells that express mCEACAM, e.g., the receptor for MHV, 
are used. On 17cl-1 cells, which were derived from spontaneously trans- 
formed Balb/C 3T3 fibroblasts (Sturman and Takemoto 1972), MHV- 
A59 causes cell fusion, forms very efficiently clear plaques of ~5-mm di- 
ameter after 2 days, and produces about 10* virions per cell and 
3x10° pfu/cell within 8 h (our unpublished observations). This makes 
MHV-A59 an ideal virus to study its replication at the molecular and ge- 
netic level. Essentially all of our studies used MHV-A59 and 17cl-1 cells. 

Like all coronaviruses, MHV-A59 possesses a large (31.4 kb for MHV- 
A59), single-stranded, messenger- or plus-sense RNA genome that con- 
tains a poly(A) sequence at the 3’ end and a methylated guanosine cap 
at the 5’ end, although the length of the poly(A) sequence and the cap 
structure have not been extensively characterized. The genome is associ- 
ated with a helical nucleocapsid composed of the N protein of 50- 
60 kDa. Surrounding the nucleocapsid is a membrane in which is em- 
bedded the envelope or spike (S) glycoprotein of 180 kDa, which may be 
cleaved in half by a host protease and which produces characteristic sur- 
face projections on the virions. Also embedded in the membrane are 
two other envelope proteins: a multi-spanning membrane (M) glycopro- 
tein of 23 kDa essential for the assembly of virions and an E protein of 
10 kDa, which although not absolutely essential for the formation of 
virions, is required for the release of large numbers of virions from in- 
fected cells (Kuo and Masters 2003). In addition, some strains of MHV 
produce virions containing an HE glycoprotein and an I protein, neither 
of which is essential for viral infectivity or growth. The virions form in- 
ternally, accumulate in vesicles in the cytoplasm, and are released rapid- 
ly en masse by exocytosis. Recent publications (Siddell 1995; Lai and 
Cavanagh 1997; Lai and Holmes 2001) review and cite extensive litera- 
ture on coronaviruses. 
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Presumably, a single molecule of genome RNA is capable of initiating 
a successful round of viral replication in the cytoplasm without the need 
of nuclear functions: MHV replicates in dactinomycin-pretreated cells. 
Viral structural proteins are not required for viral RNA synthesis be- 
cause purified, deproteinized genomes obtained from virions are infec- 
tious. More recently it was shown that an infectious clone of the human 
coronavirus 229E with the genes encoded by the subgenomic mRNAs, 
including the structural genes for S, E, M, and N, deleted was able to 
replicate and produce a subgenomic mRNA encoding a nonviral fluores- 
cent protein (Thiel et al. 2001a,b). Therefore, the proteins produced by 
the subgenomic mRNAs probably do not function in viral RNA synthe- 
sis. Further evidence of this is that the ratio of the synthesis of gnome 
to subgenomic mRNA does not change from the earliest times postinfec- 
tion (p.i.) to very late times p.i., even after virion production has ended 
and viral RNA synthesis is declining (our unpublished observations). 
Therefore, the accumulation of structural proteins such as N (nucleocap- 
sid proteins) does not affect or change the transcriptional pattern, that 
is, the ratio of the synthesis of gnome to subgenomic mRNA. 

What makes coronaviruses particularly interesting is that they have 
the largest genome of the RNA viruses, which encodes a large number of 
gene products that are unique to viruses belonging to the Nidovirales, 
and they utilize a discontinuous RNA synthetic process to produce 
subgenomic messenger RNA molecules. During replication of MHV-A59, 
genomic (RNA-1) and six subgenomic mRNAs (RNA-2 of 9.6 kb, RNA-3 
of 7.4 kb, RNA-4 of 3.4 kb, RNA-5 of 3.0 kb, RNA-6 of 2.4 kb, RNA-7 of 
1.7 kb) are produced. These together comprise a 3’ coterminal nested set 
(Fig. 1). The mRNA species vary in size from one-third (mRNA 2) to 
about one-twentieth (mRNA 7) of the genome. For MHV-A59 plus 
strands (genomes and subgenomic mRNA) are produced in large 
amounts and, at about 1% of this number, minus strands of both ge- 
nome- and subgenomic length that serve as the templates for genome 
and subgenomic mRNA synthesis (Sawicki and Sawicki 1986; Sawicki 
and Sawicki 1990). 

On infection the first open reading frame (ORF-1) in the genome of 
MHV-A59, which is ~20,000 nt and divided into Repla and Replb by a 
ribosomal frameshift, is translated as two large polyproteins, ppla and 
pplab (Fig. 2). Three functional proteinases (PRO), two papainlike (PL1 
and PL2) and one poliovirus 3C-like (3CL), are located in ppla and 
cleave the ppla and pplab into 16 nonstructural proteins, nsp1-16 (for 
relevant references see Brockway et al, 2003). These proteins and/or the 
polyprotein precursors form the viral RNA-dependent RNA polymerase. 
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Fig. 1. The coronavirus genome RNA and six subgenomic mRNAs share identical 3’ 
sequences and form a 3’ nested set of RNAs. The genome is translated into two large 
polyproteins that are encoded in the large ORF 1 sequence. Only the ORF at the 5’ 
region of each of the subgenomic mRNAs is translated into a unique protein, making 
the genome and subgenomic mRNAs functionally monogenic 


Very quickly after entry MHV-A59 produces first the minus-strand tem- 
plates for genome and subgenomic mRNA synthesis and then the tran- 
scription complexes that transcribe the minus-strand templates into 
genomes and subgenomic mRNAs. Recently Alexander Gorbalenya and 
his colleagues (Snijder et al. 2003) described the actual and potential 
functions of the proteins encoded in ORF-1 of the SARS-CoV and related 
coronaviruses and members of the order Nidovirales. The question im- 
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Fig. 2. A schematic showing the ORF1 of the coronavirus genome and its ppla and 


pplab polyproteins and processed products. See Snijder et al. (2003) for detailed in- 
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mediately arises as to why Nidoviruses possess so many individual pro- 
teins, especially where other plus-strand viruses make do with 1-4 pro- 
teins for viral RNA synthesis and one-half to one quarter the number of 
amino acids. These extra proteins could be needed to produce a unique 
replication and transcription machinery, to increase the fidelity of RNA- 
dependent RNA synthesis that is inherently error prone, to replace need- 
ed host factors that are required by other viruses, or to interact with and 
modulate the host cell or the immune system of the host animal. If mu- 
tations in all of the 15-16 genes of MHV give phenotypes that affect viral 
RNA synthesis, it would suggest that Nidoviruses utilize fundamentally 
different replication/transcription machinery than other plus-strand 
viruses. The viral gene products would also interact with those of the 
host cell because it is likely that the host cell provides functions not en- 
coded by the viral genes. 


2 
Discontinuous Transcription by Coronaviruses 


Whereas genome-sized plus and minus strands are made by the viral 
replicases continuously or processively copying their respective tem- 
plates, discontinuous transcription is the mechanism responsible for 
generating the minus-strand templates for the subgenomic mRNA. The 
first evidence for discontinuous synthesis was the discovery that all of 
the viral plus strands possessed the 1.7-kb sequence of RNA-7, in addi- 
tion to the poly(A) tract at their 3’ ends, and at their 5’ ends, the genome 
and all subgenomic mRNAs possessed an identical “leader” sequence of 
~60 nt (Spaan et al. 1983). It was realized that because this leader se- 
quence is restricted to the 5’ end of the genome, viral RNA synthesis 
must include a process by which the leader RNA is joined to the “body” 
of mRNAs 2-7 that are located at the 3’ end of the genome. At the end of 
the leader and before the body of each open reading frame of the subge- 
nomic mRNAs is an “intergenic sequence,” or “IGS or IG sequence” or 
“TRS, or “transcription regulating sequence” (van der Most et al. 1994; 
van Marle et al. 1995). Some also call it the “TAS,” or “transcription 
activation sequence.” For MHV-59 the IGS is UCUAAAC?. The same 
replication strategy appears in the Arteriviridae that recently have been 
united with the Coronaviridae within the order Nidovirales (Cavanagh 
1997). 

Lai and his collaborators gave a stimulus to research on coronavirus- 
es when they produced a model to explain the generation of subgenomic 
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mRNAs of coronaviruses (Baric et al. 1983). They suggested that the vi- 
ral polymerase (RdRp) initiated plus strand synthesis at the 3’ end of ge- 
nome-length templates. In this model, after it produced the leader RNA 
and the IGS, the RdRp would jump from the 3’ end of the minus strand 
all the way to one of the internal complementary copies of the IGS and 
reinitiate RNA synthesis. The IGS served to redirect the RdRp to an in- 
ternal site and then served as a primer for elongation. This “leader- 
primed transcription model” was based on three experimental findings. 
First, subgenomic mRNAs comprised a nested set of 3’ coterminal RNA 
molecules and each contained a 5’ leader sequence that was present only 
once at the 5’ end of the genome (Lai et al. 1983; Spaan et al. 1983; Lai et 
al. 1984). Second, formation of subgenomic RNAs by splicing was ruled 
out by finding that the UV light sensitivity for the synthesis of each spe- 
cies of viral plus-strand RNA was directly proportional to the RNA 
length (Jacobs et al. 1981; Stern and Sefton 1982). Third, cells infected 
with MHV were reported to contain only a full-length minus-strand 
copy of the genome; no subgenomic minus-strand RNA was detectable 
(Lai et al. 1982). They strengthened their argument by showing that only 
replication intermediates (RIs) with genome-length templates could be 
found in infected cells and that treatment of the RIs with ribonuclease 
(RNase) produced only RF RNA of genome length. The only model that 
could account for or explain these observations was their “leader- 
primed” model. 

In the years following the proposal of the leader-primed transcription 
model it became clear that this model did not explain the newer experi- 
mental findings. Some of these experimental results directly invalidated 
the leader-primed transcription model or showed that experimental con- 
ditions used for detection of subgenomic minus-strand RNA were not 
optimal because of excessive digestion of the RNA complexes with 
RNase A or the **P-labeled RNA probes used (Lai et al. 1982: Baric et al. 
1983) were likely of too low a specific activity to detect minus strands 
(Sawicki et al. 2001). 

David Brian’s lab (Sethna et al. 1989) showed that cells infected with 
a coronavirus (porcine transmissible gastroenteritis virus, TGEV) con- 
tained a 5’ nested set of minus strands that corresponded in size to the 
genome and the subgenomic mRNA. They did this by Northern blotting, 
using in vitro labeled probes to the minus and plus strands. After seeing 
their publication, we thought it was possible that the subgenome-length 
minus strands they observed were created during preparation of the in- 
fected cell lysates. They might have arisen from genome-length minus 
strands in RIs. Activation of endogenous RNase might have cleaved the 
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native, gnome-length RI molecules into subgenomic RFs by targeting 
certain nuclease-sensitive sites in the genome template. This occurs with 
alphavirus RIs, whose genome-length template can be cleaved specifical- 
ly by RNase at a single, internal site that is near or at the site where 
the viral polymerase initiates 26S mRNA synthesis. The alphavirus RI 
population is cleaved into three RFs. The largest RF (20S in size) corre- 
sponds to a double-stranded form of the genome and represents inter- 
mediates active solely in genome synthesis. The other two RFs are de- 
rived from an RI active in subgenomic mRNA synthesis: The larger RF 
(18S in size) contains the double-stranded form of the sequence that is 
the 5’ two-thirds of the genome; the smaller RF (15S in size) is the dou- 
ble-stranded form of the 3’ third of the genome that is the 26S mRNA 
sequence (Simmons and Strauss 1972). Therefore, we set out to deter- 
mine the origin of the MHV subgenomic minus strands. We found 
(Sawicki and Sawicki 1990) that cells infected with MHV-A59 contained 
both genomic- and subgenomic-sized RIs, the latter of which would con- 
tain templates corresponding in length to the viral subgenomic mRNA. 
We also showed that the genome-length RI was not converted to a small- 
er or subgenome-length RF but only to the genome-length RF on treat- 
ment with RNase. This allowed us to conclude that coronaviruses pro- 
duce subgenomic mRNAs using templates that are of similar size to each 
mRNA. 

David Brian’s laboratory (Sethna et al. 1991) demonstrated that 
the TGEV subgenomic minus strands contained a sequence comple- 
mentary to the 5’ leader, and we confirmed this for the MHV-A59 subge- 
nomic minus strands (Sawicki and Sawicki 1995). In light of these obser- 
vations, two models could explain coronavirus transcription: the repli- 
con model proposed originally by Sethna et al (1989) and our model 
(Sawicki and Sawicki 1995). With the replicon model, subgenomic 
mRNA would be made via leader-primed transcription using the full- 
length minus strands as a template. Once made, these subgenomic 
mRNA would be replicated into minus strands that would in turn serve 
as templates for more subgenomic mRNA synthesis. Also, subgenomic 
mRNA that were virion associated (i.e., packaged into virions) could 
serve directly as templates for minus strand synthesis and result in the 
replication of the subgenomic mRNA. In our model (Sawicki and Sawic- 
ki 1995), which we called by the awkward name of “discontinuous exten- 
sion of minus-strand RNA”, the minus-strand templates for subgenomic 
mRNAs would be made directly from the genome and would utilize a 
discontinuous transcription process. We proposed that, during minus 
strand synthesis, the viral polymerase would pause at the IG sequences 
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and then relocate to the 5’ end of the genome to finish transcription. 
This would result in the minus strand acquiring a sequence complemen- 
tary to the 5’ leader sequence and activating it as a template for subge- 
nomic mRNA synthesis. Those polymerases that failed to pause, or re- 
sumed elongation after pausing, would create the full- or genome-length 
minus strand template. The crucial observation that makes our model 
more attractive than the replicon model is that sequences downstream 
of the leader are required for replication signals. Neither transfected, 
subgenomic mRNA (Brian et al. 1994) nor subgenomic DI-RNA (Makino 
et al. 1991) replicated in cells infected with a helper virus. It appeared 
that sequences downstream of the leader RNA, ~500 nt of the 5’ end for 
MHV-A59 that are present only in genomes and DI RNAs, are required 
and sufficient for viral RNA replication (Masters et al. 1994). Therefore, 
our model could account for and explain the known experimental obser- 
vations. 

Although the mechanism by which coronaviruses accomplish the syn- 
thesis of minus-strand templates for subgenomic mRNA synthesis are 
not known presently, it is clear that a working and testable model for co- 
ronavirus transcription must be able to explain or account for all the 
known facts. As Agnostino Bassi remarked “When Fact speaks, Reason 
is silent, because Reason is the child of Fact, not Fact the child of Rea- 
son.” The known facts for coronavirus transcription include: 


1. The formation of the 3’ coterminal nested set of subgenomic mRNA 
with a common leader sequence at their 5’ ends (discontinuous tran- 
scription). 

2. The presence of transcriptionally active RIs that contain either genome- 
length or subgenome-length templates. 

3. Polarity in the synthesis of subgenomic mRNAs. With a few exceptions, 
the relative synthesis of one subgenomic mRNA to another is deter- 
mined by its distance from the 5’ end of the genomic minus strand, or 
the 3’ end of the genome. The closer the region encoding a subgenomic 
mRNA or subgenomic DI RNA is relative to the 5’ end of the genomic 
minus strand, the greater its synthesis level. Exceptions appear because 
of the IGS being too close to the 3’ end of the genome to allow polymer- 
ase to always bind stably. 

4, The ratio of genome to subgenomic mRNA synthesis remains constant 
from beginning to end of the infectious cycle. 

5. Mutations in the IGS affect the synthesis of subgenomic mRNA but not 
in a uniform and predictable way; some abolish subgenomic mRNA 
and some have little or no effect. 
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6. A differential sensitivity to UV radiation proportional to the size of the 
synthesis of genomic and subgenomic mRNA, at least after subgenomic 
mRNA synthesis has started. 

7. Synthesis of minus strands occurs simultaneously with the synthesis of 
plus strands. The only exception to date (An et al. 1998) may be due to 
the difficulty of the DI system chosen and very low numbers of viral 
molecules at early times p.i. 

8. The capacity of subgenomic mRNA or a DI genome RNA or subgenom- 
ic DI RNA to acquire a leader RNA from a different genome (leader 
switching). 

9. The high rate of recombination in coronaviruses. 


The model of the discontinuous extension of the 3’ end of the minus 
strands has many attractive features that fit the experimental data. We 
believe it is a unifying model to probe the mechanism underlying the 
generation of subgenomic mRNA. It provides a useful framework to de- 
sign experiments and interpret results. 

Eric Snijder’s lab has used an arterivirus, equine arteritis virus 
(EAV), that is also a member of the Nidovirales, to provide direct evi- 
dence for minus, not plus, strand synthesis being discontinuous (van 
Marle et al. 1999a). They changed the sequence in the IGS (in the plus 
orientation) or the TRS (in the minus orientation). They substituted one 
or both “C”s in the IGS UCAAC sequence at the end of the leader, in a 
body IGS (adjacent to a downstream gene), or in both. Changes in the 
leader IGS led to loss of all subgenomic mRNAs. In contrast, changes to 
the body IGS-7 led to loss of only mRNA-7. The very low amounts of 
mRNA-7 made under the latter conditions contained the mutated body 
IGS-7 sequence in their 5’ leader and not the original leader IGS se- 
quence. Significantly, when both gene-7 and the 5’ leader contained the 
same mutated sequence, full subgenomic mRNA-7 synthesis was re- 
stored. Thus, (1) complementary base pairing between TRS at the 3’ end 
of nascent minus strand “body” sequences and IGS on the end of the 
leader at the 5’ end of genome template appears necessary to obtain 
maximal subgenomic mRNA synthesis (i.e., formation of the templates 
for subgenomic mRNA). (2) It is unlikely that the recombination re- 
quires recognition of a specific sequence of IGS or TRS. Finally, (3) the 
discontinuous direction of synthesis was from body to leader and, thus, 
the discontinuous transcription step must happen during minus strand 
synthesis, that is, during the formation of subgenomic minus strands. 

Presently, there is no experimental information on how this process 
occurs with coronaviruses. Only with arteriviruses has Eric Snijder’s 


40 S.G. Sawicki - D.L. Sawicki 


laboratory obtained direct information on a mechanism (van Marle et 
al. 1999a; Pasternak et al. 2003) and on the viral genes involved in subge- 
nomic mRNA synthesis (van Marle et al. 1999b; van Dinten et al. 2000; 
Tijms and Snijder 2003). According to our model of 3’ discontinuous ex- 
tension (Sawicki and Sawicki 1995), the viral polymerase would begin 
transcription at the 3’ end of the genome. It would pause after transcrib- 
ing each of the IGS UCUAAAC elements. Each polymerase can then ei- 
ther elongate through the pause site, that is, continue transcription, or 
move to the 5’ end of the genome without copying the intervening se- 
quences, that is, discontinuous transcription. The coronavirus polymer- 
ase might copy the template RNA in a fashion analogous to DNA-depen- 
dent RNA polymerases that retract at pause sites (Komissarova and 
Kashlev 1997a,b) and where the polymerase remains associated with 
the growing nascent strand rather than with the template. Of interest, a 
similar mechanism was recently proposed for proofreading by RNA 
polymerases, where the polymerase pauses, retracts, removes several nu- 
cleotides from the nascent 3’ end, and then resynthesizes this region 
(Shaevitz et al. 2003). Several gene products of ORF1b of coronaviruses 
and SARS CoV were identified that might function in such a proofread- 
ing mechanism, some of which are predicted to have nuclease activity 
(Snijder et al. 2003). 

If retraction occurred when the coronavirus polymerase was tran- 
scribing the IGS, the exposed 3’ end of the nascent minus strand would 
relocate and align precisely to complementary sequences at the 3’ side of 
the leader RNA at the 5’ end of the genome and complete transcription 
of the subgenomic minus-strand RNA. The interaction of the nascent 
minus strand with the 5’ end of the genome might be mediated by pro- 
tein:protein interactions between the polymerase attached to the grow- 
ing minus strand and a protein associated with the 5’ end of the genome. 
This also could occur by the polymerase binding directly to the se- 
quences downstream of the leader. The minus-sense or anti-IGS would 
align the polymerase at the end of the leader sequence in the genome 
template. If the 3’-terminal nucleotide of the anti-IGS matched, the poly- 
merase would elongate and copy the leader sequence to put an antilead- 
er (complementary to the 5’ plus-strand leader sequence) on the 3’ end 
of the nascent, subgenomic minus strand. Thus the anti-IGS acts as a 
primer to complete transcription and copy the leader RNA. The IGS in 
the context of the sequences surrounding it would function as an attenu- 
ator element. The result of 3’ discontinuous extension during minus 
strand synthesis is that the subgenomic minus strands acquire the an- 
tileader sequence at their 3’ end. The replication complex that synthe- 
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sized a subgenomic minus strand may retain it as a template and go on 
to synthesize subgenomic mRNA. The promoter for plus strand synthe- 
sis would be within the antileader sequence. As stated above, because se- 
quences downstream of the leader are required for minus strand synthe- 
sis (Masters et al. 1994), only genomes can serve as templates for ge- 
nomic and subgenomic minus strands; therefore, a great advantage of 
this strategy is that subgenomic mRNAs cannot be replicated and cannot 
behave as DI RNAs. 


3 
Kinetics of Plus- and Minus-Strand RNA Synthesis 
and Sensitivity to Translational Inhibition 


Our interest in coronavirus RNA synthesis initially came from a report 
in 1982 by Brayton et al (Brayton et al. 1982). They claimed that minus 
strand synthesis was temporally distinct from plus strand synthesis 
when MHV-infected cell extracts were assayed in vitro. They reported 
that extracts of A59-infected cells at 1 h p.i. made only minus strands 
and extracts of cells harvested at 6 h p.i. made only plus strands. Other 
plus-strand RNA viruses that replicate via RNA-dependent RNA poly- 
merases show concurrent synthesis of minus and plus strands, unless 
minus strand synthesis ceases at some later time in infection [as is the 
case for alphaviruses (Sawicki and Sawicki 1998)]. Thus minus strand 
synthesis in the absence of plus strand synthesis would be a very unusu- 
al transcription pattern. We began a comparative analysis of minus and 
plus strand syntheses by MHV-A59 and the alphavirus Sindbis to probe 
the veracity of this observation and its implications for the regulation of 
transcription. 

We first established optimal conditions for infection of 17cl-1 cells. If 
infection was done in low-pH medium (pH 6.8), infected cultures de- 
layed the expression of the typical cytopathic effect and did not undergo 
extensive syncytium formation until after 10 h p.i., thus allowing us to 
examine a broader range of times after infection. Fusion of the monolay- 
er at pH 7-7.5 normally resulted in the shutdown of viral replication 
much earlier and yielded only low titers of progeny. We found that MHV 
minus-strand RNA synthesis was detectable as early as 3 h p.i. in pulse- 
labeling experiments using *H-uridine in the presence of dactinomycin 
and that the minus strands were exclusively in the partially double- 
stranded RI population, as expected for template molecules. The rate of 
MHV minus strand synthesis peaked at 5-6 h p.i. at 37°C (or at about 
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10-12 h p.i. if infection was at 28°C-30°C) and then declined to about 
20% of its maximum rate but interestingly did not cease. Adding cyclo- 
heximide before 3 h p.i. prevented viral RNA synthesis; addition of the 
drug after RNA synthesis was ongoing led in its inhibition. Unlike al- 
phavirus but similar to picornavirus replication, both MHV plus- and 
minus-strand polymerase activities were unstable but in MHV they dif- 
fered in their turnover rates: Minus strand synthesis was almost imme- 
diately inhibited after translation inhibition, that is, addition of cyclo- 
heximide or puromycin, whereas both genome and subgenomic mRNA 
syntheses continued for 30-60 min before declining slowly. The short 
half-life of the coronavirus minus-strand polymerase activity may reflect 
a possible role in minus strand synthesis of intermediate or partially 
processed polyproteins, whose further processing leads to loss of this 
enzymatic activity. Whether loss of minus-strand polymerase activity is 
correlated with its conversion to another type of polymerase activity 
(plus strand synthesis) is not known. The latter has been demonstrated 
for alphaviruses (Lemm et al. 1994; Shirako and Strauss 1994; Wang et 
al. 1994). 


4 
The Kinetics of Synthesis of the Subgenomic Minus Strands 


This was crucial to supporting or not supporting different models for 
coronavirus transcription. If, at all times, it was found that minus strand 
populations were composed of genome- and subgenomic-sized mole- 
cules in fixed but nonequal ratios to each other, then the 3’ discontinu- 
ous minus strand transcription model would be supported. Therefore, 
in an attempt to disprove our model, we used several approaches to ask 
which size minus-strand molecules first appeared and what the plus 
strand products were at that time. PCR technology allows the detection 
of very small numbers of target sequences. We designed specific primer 
sets to allow the amplification of genome (RNA 1) plus- or minus-strand 
sequences separately from the amplification of subgenome RNA 7 plus- 
and minus-strand sequences. One of the primers in each set was target- 
ed to the 5’ leader (or 3’ antileader) sequences at the ends of the RNAs 
and the other of each pair to the “body” sequence that would be a 
known distance downstream or upstream from the end. Our first studies 
used infected cell RNAs isolated at 7 h p.i., when viral transcription is 
readily detected by pulse-labeling in vivo (Sawicki and Sawicki 1995). 
The results indicated that at 7 h p.i. cells contained minus strands corre- 
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sponding to both minus-sense RNAI and RNA7 and that both of these 
minus-strand molecules contained an antileader on the 3’ ends. Unin- 
fected cells did not amplify a PCR product with these primers, but cells 
infected with MHV in the cold (4°C) and harvested at 4°C after removing 
unadsorbed virus contained only genome RNA and not the minus- 
strand copy of the genome. Nor did they contain plus- or minus-strand 
copies of RNA 7. Our twice isopycnic gradient-purified virion prepara- 
tions contained small amounts of mRNA 7, but these were in different 
“particles” than the virions because they were not adsorbed to cells dur- 
ing the 1-h period at 4°C. The results demonstrated directly that the 
subgenomic mRNAs and subgenomic minus-strand RNAs arise from ge- 
nome plus strands because that was the only RNA in virions that initiat- 
ed the infection (Sawicki and Sawicki 1995). 

Our experiments consistently found that radiolabel was detectable in 
the subgenomic RI population as early as 1.5 h p.i. and at the same time 
that radiolabel was detectable in the genomic RI population. Because the 
genome RNA is 15-20 times larger than RNA 7, each molecule of 60S 
RNA contains on average of 15-20 times more uridine residues and is 
thus “hotter” than a molecule of RNA 7 and easier to detect in pulse 
labels. Increased exposure of the gels to compensate for this imbalance 
verified the presence at each time period of the subgenomic RI popula- 
tion. Moreover, the relative proportion of each of the seven size classes 
of RI was maintained at all times studied, both early and late. We inter- 
preted our results to indicate that both genome and subgenomic minus 
strands are produced at the earliest times in infection and thus must be 
derived from input genome plus strands. We have failed so far to detect 
a time early in infection when only genomic minus strands are made. 
Thus the synthesis of subgenomic mRNAs observed at 1.5-2 h p.i., or 
other early times, must arise from copying of complementary and 
subgenomic minus-strand templates. 


5 
Subgenomic MHV Rls Exist in Infected Cells 
and Are Transcriptionally Active in mRNA 2-7 Synthesis 


Up until 1989, the prevailing model for coronavirus transcription and 
the formation of the 3’ nested set of mRNAs was “leader-primed tran- 
scription” (Baric et al. 1983). The first report that coronaviruses might 
use subgenomic templates came from the lab of David Brian (Sethna et 
al. 1989), who reported finding a 5’ nested set of minus strands in 
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TGEV-infected cells by Northern blotting. Thus the number and kind of 
minus-strand RNAs matched those found for the virus’s plus-strand 
RNAs. This exciting report led us to probe whether MHV A59-infected 
cells contained more than one size class of RF RNA and, if so, whether 
these were derived from genome-length RI molecules. Our results 
showed seven double-stranded RF cores in infected cell extracts digested 
with limited amounts of RNase and demonstrated that they were propor- 
tional in size and amounts to template the 3’ nested set of viral mRNAs 
and account for their nonequal ratios (Sawicki and Sawicki 1990). Thus 
the abundance of individual MHV mRNAs is a direct result of the num- 
ber of their minus-strand templates. We also showed that this family of 
RF molecules did not come from an originally genome-length RI by 
demonstrating the existence of a family of RI molecules in the absence 
of RNase treatment. Finally, nascent labeling experiments using very 
short pulses with 900 wCi “H-uridine/ml demonstrated that the subge- 
nomic RI RNA accumulated label first and only later was radiolabel 
chased into single-stranded mRNA (Sawicki and Sawicki 1990). This 
precursor-product relationship is what is expected for transcription 
templates, leading us to conclude that discontinuous transcription must 
occur during minus strand synthesis and its result was the 5’ nested set 
of minus-strand templates. If these contained an antileader sequence at 
their 3’ end and a poly U at their 5’ end, they could be directly tran- 
scribed into the subgenomic mRNAs. Thus the presence of subgenomic 
minus strands suggested a replication strategy that would be common 
to coronaviruses (and arteriviruses) and unique among the single- 
stranded RNA animal viruses. We suggested and favor the hypothesis 
that subgenomic minus strands are produced by discontinuous tran- 
scription directly from genome plus strands and are the only templates 
for subgenomic mRNAs. 


6 
Characterization of Coronavirus Native RI/TIls and Native RF/TFs 


The replicative structures used by MHV to produce its genome and 
subgenomic mRNAs have the classic properties exhibited by viral RIs 
and RFs but are of genome or subgenomic length. Replicative intermedi- 
ates are of genome length and have multiple replicases and nascent RNA 
chains. We proposed the term transcriptive intermediates (TI or TF) to 
refer to the same type of transcriptionally active coronavirus template 
structure but whose templates are of subgenome-length and whose 
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Fig. 3. Models for the structures of the coronavirus RI (TI for subgenomic tem- 
plates) and RF (TF) structures. In infected cells, these molecules are predicted to 
have the “native” structures and to be essentially single stranded, with one or more 
RNA-dependent RNA polymerases elongating along the length of the template. 
When isolated from cells and deproteinized with phenol and chloroform (or proteas- 
es), the polymerase and other proteins are removed, allowing the nascent strands to 
collapse and bind to complementary sequences of the template. The RI/TI have mul- 
tiple nascent strands and would be only partially double stranded and mostly single 
stranded; the RF/TF have only one or two nascent strands and would be almost or 
fully double stranded even without nuclease digestion. Finally, limited digestion of 
the deproteinized RNAs with RNase cleaves off all single-stranded RNA chains and 
converts these structures to fully double-stranded RF or TF molecules 


product is one of the six size classes of subgenomic mRNA. Such tran- 
scriptionally active structures are likely essentially single stranded in 
vivo, with only small regions near the polymerase in double-stranded 
form. When proteins are removed from RI and TI structures, and the re- 
sulting RNA is digested with low concentrations of RNase, a double- 
stranded core or replicative form is recovered from each (also called a 
RF or TF). A schematic of these structures is shown in Fig. 3. 

The RI/TI and RF/TF differ in their relative proportion of single- 
stranded and double-stranded character. Viral infections also form na- 
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tive RF and TF under conditions when replicase or transcriptases are 
limited or initiation is reduced. Deproteinized native RF/TF would be 
completely or nearly completely double stranded as a result of having its 
one or few polymerases engaged in transcription and near the end of 
each template at the time of cell lysis. Thus plus and minus strands in 
native RF/TF would be mostly equal in length. Native RF are soluble in 
high-salt solutions (2 M LiCl or 1 M NaCl) and they function as tran- 
scription intermediates based on their rapid incorporation of radiola- 
beled nucleotide precursors. On the other hand, RI is a multistranded 
intermediate, whose multiple polymerases are associated with an equal 
number of nascent RNA chains of varying lengths. Its large percentage 
of single-strandedness makes the RI insoluble in high-salt solutions, al- 
lowing its physical separation from RF/TF, tRNA , and DNA. The MHV 
structures characterized so far are those active in plus strand synthesis 
(Sawicki et al. 2001). It is assumed that intermediates active in minus 
strand synthesis share some or all of these classic features, but these in- 
termediates have not yet been isolated free of RI/TI active in plus strand 
synthesis. 

Our analysis of RNA structures formed in MHV-infected cells found 
that, in addition to the RI and native RE, MHV-infected cells contained 
six species of RNA intermediates active in transcribing subgenomic 
mRNA (Sawicki et al. 2001). When radiolabeled between 5 and 6h p.i., 
70% of MHV replicating and transcribing structures in 17cl-1 cells had 
the physical properties of RI/TI and 30% were native RF/TF. The seven 
size classes of intermediates or native forms can be separated partially 
from each other by velocity sedimentation on sucrose gradients or by 
gel filtration chromatography on Sepharose 2B and Sephacryl S-1000. 
The MHV RI/TI and native RF/TF double-stranded core structures are 
resistant to a range of RNase Tl concentrations (1-10 units/mg RNA) 
but are degraded during exposure to intermediate to high concentra- 
tions of pancreatic RNase (RNase A). There is an exposed poly(A) se- 
quence on each of the size classes of TI and TF long enough to allow 
their adsorption to magnetic beads containing oligo(dT)25. It is likely 
that the genome-sized RF and RI also possess poly(A) sequences, but 
the large overall size of these molecules prevented their stable attach- 
ment to the beads. It was demonstrated directly that RI and TI are tran- 
scriptionally active structures in vivo, and thus biologically significant, 
from the finding that each size class of replicative molecule was able to 
rapidly incorporate radiolabeled precursors into nascent RNA chains 
(Fig. 4). 
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Fig. 4. The subgenome-length TI and native TF are transcriptionally active and in- 
corporate radioactive nucleotide precursors at the same rate (kinetics) as the ge- 
nome-length RI and native RF. See also Sawicki et al (2001). This evidence, which 
was also shown in our 1990 publication (Sawicki and Sawicki, 1990), dispelled any 
notion that the incorporation of *H-uridine into RIs with subgenome-length tem- 
plates is into dead-end products 


In summary, the discontinuous transcription process occurs during 
minus strand synthesis and produces a 5’ nested set of minus strands 
each of which contains a copy of the antileader sequence at its 3’ end. 
This sequence likely functions or aids in polymerase initiation for syn- 
thesis of the subgenomic mRNA. This strategy has several key advan- 
tages: It enables the coronavirus (nidovirus) transcriptase to skip over 
sequences in the template that are not needed in a particular subgenom- 
ic MRNA, thus conserving cellular substrates. Perhaps more importantly, 
it allowed the evolution of the “nested set” strategy, whereby each open 
reading frame is expressed at the 5’ end of a specific mRNA. This in turn 
allows for regulation at the transcription level. The number of minus- 
strand templates controls the number of each mRNA species, which con- 
trols the amount of its specific protein product(s). It is not surprising to 
find that mRNA 7 is produced in highest abundance and it encodes the 
viral capsid protein. This strategy also would enable the genome to en- 
code essential regulatory sequences once, conserving linear genome 
space, and at the same time to provide for these sequences to be added 
to each of the resulting RNA species that require them to function effi- 
ciently (ribosome binding; polymerase initiation). 
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7 
Turnover of MHV Replicative/Transcriptive Intermediates 


Coronavirus RI/TI and RF/TF are short-lived and turn over during in- 
fection and after exposure of infected cells to temperatures of 0°C-4°C. 
We were the first to show that inhibition of protein synthesis in cells in- 
fected with MHV-A59 caused minus strand synthesis to stop almost im- 
mediately (Sawicki and Sawicki, 1986). Plus strand synthesis was also in- 
hibited when translation was prevented, but its loss occurred more slow- 
ly over time. This, as we pointed out, was different from alphaviruses 
that make a very stable transcription complex that functions for many 
hours in the absence of new protein synthesis. The unstable nature of 
the coronavirus transcription complex has now also been shown for the 
arteriviruses (Den Boon et al. 1995; Snijder and Meulenberg, 1998). Re- 
cently we discovered (Wang and Sawicki 2001) that the minus-strand 
templates but not the plus strands made in MHV-infected cells are un- 
stable and turn over. In most plus-strand viruses the minus strands are 
stable and are found not as free, single-stranded RNA but as compo- 
nents of RI or RF structures. Therefore, we were surprised to find that 
the RI/TI and RF/TF that had already accumulated in infected cells be- 
tween 1-6 h p.i. disappeared over time after 6 h p.i. Minus strands made 
after 6 h p.i. accumulated temporarily and replaced some of the minus 
strands synthesized earlier. Treatment with cycloheximide for extended 
periods at early or late times p.i. led to the loss of 90% or more of the 
pre-existing native RF/TFs and RI/TIs and prevented the synthesis of 
new ones. The amounts remaining at each time subsequent to drug ad- 
dition were proportional to the reduced rates of plus strand synthesis 
observed. Removal of the drug led to a burst of minus strand synthesis 
and full recovery of transcription. The turnover of RI/TI and RF/TF was 
specific to MHV and did not affect the RI/RFs of alphaviruses (Sindbis 
virus) in cells coinfected with both viruses, as shown in Fig. 5. 

Thus MHV RI/TIs function for a limited time, whereas the Sindbis RI 
is a stable replication/transcription complex. The MHV turnover process 
involved release of minus strands, possibly with dissociation of the en- 
tire replication/transcription complex, after which these minus strands 
were degraded. Minus strands not associated with plus strands were 
present in infected cells late in infection and after cycloheximide treat- 
ment. These “free” minus strands could be captured as RNase-resistant, 
double-stranded RNA if they were allowed to hybridize with the excess 
plus strands in the cell lysates before RNase treatment. The results sug- 
gest that the continuation of minus strand synthesis is essential for viral 
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Fig. 5. MHV replicative and transcriptive intermediates are unstable and turn over 
throughout infection, in contrast to alphavirus (Sindbis, strain HR) intermediates 
that are stable once formed. Cultures of 17cl-1 cells were infected (at an MOI of 100) 
with MHV A59 (lanes 1, 2, 3, and 4), with MHV + Sindbis (lanes 5, 6, 7, and 8), or 
with Sindbis alone (lanes 9 and 10). The infected cells were labeled with *H-uridine 
from 3 to 7h p.i. (lanes 1 and 5), from 3 to 9h p.i. (lanes 2 and 6), from 3 to 11 hp.i. 
(lanes 3, 7, and 9), or from 3 to 13h p.i. (lanes 4, 8, and 10). The deproteinized and 
RNase-treated RF/TF cores of the intermediates and native forms were obtained and 
electrophoresed on a 1% agarose-TBE gel. The gel was prepared for fluorography 


transcription seen late in infection and that the coronavirus minus- 
strand templates need to be continuously replaced. Failure to continue 
minus strand synthesis would cure the infection. Thus we would argue 
that the persistence of MHV infections would be dependent on host cell 
environments that either allow the virus to continue to form new poly- 
merases for minus strand synthesis or block the turnover of previously 
made template complexes. Although this turnover resembles that seen 
for poliovirus RI being converted to an inactive RF, release of minus 
strands from RI/RF and TI/TF RNA is unique to coronaviruses (and 
probably arteriviruses) among animal RNA viruses. Somewhat surpris- 
ingly, it resembles what is known for phage Qf transcription, where the 
template and product strands are released as single strands after the 
polymerase has copied the template (Dobkin et al. 1979). 

Even more unexpected was our finding (Wang T. and Sawicki, unpub- 
lished results) that exposure to cold (0°C-4°C for as little as 20 min) led 
to the disappearance of RI/RF and TI/TF RNA. Viral double-stranded 
RNA that had been present in cells labeled with °H-uridine for several 
hours or even 30 min before exposure to cold was no longer detectable. 
We could recover RI/RF and TI/TF RNA by returning the cells to 37°C. 
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However, if we added cycloheximide when we returned the cells to 37°C, 
viral RNA synthesis failed to recover, suggesting that viral polymerase 
proteins were needed. Recovery of viral RNA synthesis was preceded by 
a burst of minus strand synthesis, and these new products were utilized 
as templates for plus strand synthesis. Rapid loss of RI/RF and TI/TF 
was also found after infected cells were treated with trypsin or were 
scraped from the surface of the culture dish at 0°C, 25°C, and 37°C. The 
interpretation of these observations is difficult at this time, but they may 
indicate that the replicase-transcriptase is associated with the cytoskele- 
ton and this association is disrupted under conditions that alter cell 
shape or cold-sensitive protein interactions. 


8 
A Working Model 


Figure 6 presents our working model for coronavirus replication and 
transcription. The infecting genome is translated into ppla and pplab. 
Within 1 h of infecting the cells we can detect genome and subgenomic 
mRNA being made. As far as we can determine, both genomic and 
subgenomic minus strands are made very early after the genome enters 
the cell. We believe that parts of the pplab function, at least initially, as 
uncleaved or partially cleaved polyprotein forms to make minus strands. 
Once the minus strands are made they would be rapidly converted to 
templates for use in plus strand synthesis. There does not appear to be 
any difference early or late in the ratio of genome and subgenomic 
mRNA; it remains fixed from the earliest moments at which the synthesis 
of viral RNA can be detected. As we published many years ago (Sawicki 
and Sawicki 1986), minus strands are made throughout infection al- 
though their synthesis declines after 6-7 h p.i., but so does the amount of 
plus strand synthesis. Only the genomes are capable of serving as tem- 
plates for minus strand synthesis because only they have a replication 
signal at their 5’ and 3’ ends. The subgenomic mRNA cannot serve as 
templates for minus strand synthesis because they lack the 5’ replication 
signal. After the minus strands serve as templates for several rounds of 
plus strand synthesis, they are released from the replication/transcription 
complexes, which do not appear to be different for those making gen- 
omes compared with those making subgenomic mRNA. After their re- 
lease they are subject to degradation by a RNase activity of unknown ori- 
gin that seems to be specific for them because the genome and subge- 
nomic mRNA are stable, perhaps because they are engaged with the ribo- 
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Fig. 6. Depiction of our model for the replication and transcription strategy of coro- 
naviruses 
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some or in the process of being encapsidated by N proteins that act to 
protect them. With MHV-A59 cell fusion starts about the time viral RNA 
synthesis reaches a maximum rate and cell fusion results in early killing 
of the cells. With mutants we have isolated that do not cause cell fusion, 
the cells survive until 24 h after infection even though the virus was re- 
leased by 8-10 h p.i. We can delay the cell fusion and cell death with 
MHV-A59 if we use medium that has a pH below 6.5 and if we lower the 
temperature to 33°C. If we keep the cells alive, the loss of RI/TI is easily 
observable. We speculate that coronaviruses encode in ppla or pplab an 
RNase, for example, the XendoU in nsp15 perhaps (Snijder, Bredenbeek 
et al. 2003), that is responsible for the degradation of the minus strands. 
Our hypothesis, or working model, is that the replication/transcription 
complex ages after its synthesis: First it has minus-strand activity, then it 
has plus-strand activity, and then it further ages and degrades the tem- 
plate it is using to make plus strands. Aging may be through a proteolytic 
cleavage pathway by the 3CL**° in nsp5, and the final cleavages release 
or activate the RNase activity of the complex. This working model pro- 
vides a framework for our future studies of coronavirus transcription 
and replication. Important for this effort will be the examination of ts 
RNA-negative mutants and designing mutants with reverse genetics. 
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Abstract Coronavirus genome replication and transcription take place at cytoplasmic 
membranes and involve coordinated processes of both continuous and discontinu- 
ous RNA synthesis that are mediated by the viral replicase, a huge protein complex 
encoded by the 20-kb replicase gene. The replicase complex is believed to be com- 
prised of up to 16 viral subunits and a number of cellular proteins. Besides RNA-de- 
pendent RNA polymerase, RNA helicase, and protease activities, which are common 
to RNA viruses, the coronavirus replicase was recently predicted to employ a variety 
of RNA processing enzymes that are not (or extremely rarely) found in other RNA 
viruses and include putative sequence-specific endoribonuclease, 3’-to-5’ exoribonu- 
clease, 2’-O-ribose methyltransferase, ADP ribose 1”-phosphatase and, in a subset of 
group 2 coronaviruses, cyclic phosphodiesterase activities. This chapter reviews (1) 
the organization of the coronavirus replicase gene, (2) the proteolytic processing of 
the replicase by viral proteases, (3) the available functional and structural informa- 
tion on individual subunits of the replicase, such as proteases, RNA helicase, and the 
RNA-dependent RNA polymerase, and (4) the subcellular localization of coronavirus 
proteins involved in RNA synthesis. Although many molecular details of the corona- 
virus life cycle remain to be investigated, the available information suggests that 
these viruses and their distant nidovirus relatives employ a unique collection of en- 
zymatic activities and other protein functions to synthesize a set of 5’-leader-con- 
taining subgenomic mRNAs and to replicate the largest RNA virus genomes current- 
ly known. 
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1 
Introduction 


Plus-strand (+) RNA viruses exhibit an enormous genetic diversity that 
also applies to their RNA synthesis machinery. The RNA-depen- 
dent RNA polymerase (RdRp) is the only enzyme to be absolutely con- 
served, whereas other replicative and accessory protein domains vary 
considerably, in terms of both number and arrangement in the polypro- 
tein (Koonin and Dolja 1993). Despite this diversity, phylogenetic rela- 
tionships have been identified and used to group +RNA viruses into 
large superfamilies (or classes) (Goldbach 1987; Strauss and Strauss 
1988; Koonin and Dolja 1993). As few as three superfamilies, the pico- 
rnavirus-like, flavivirus-like and alphavirus-like viruses, were proposed 
to accommodate the vast majority of +RNA viruses infecting animals, 
plants, and microorganisms (Koonin and Dolja 1993). Interestingly, 
coronaviruses were among the few exceptions that did not easily fit into 
one of the established superfamilies; and the sequence analysis and 
characterization of arteri-, toro-, and roniviruses suggested that coron- 
aviruses and their relatives may indeed exemplify a viral life form that, 
in several fundamental aspects, differs from that of other +RNA viruses 
(Gorbalenya et al. 1989c; Snijder et al. 1990a; den Boon et al. 1991; Sni- 
jder and Horzinek 1993; de Vries et al. 1997; Lai and Cavanagh 1997; 
Snijder and Meulenberg 1998; Cowley et al. 2000). Thus coronaviruses 
(and all their relatives) (1) produce a nested set of 3’-coterminal mRNAs 
(Lai et al. 1983; Spaan et al. 1983), (2) use ribosomal frameshifting into 
the -1 frame to express their key replicative functions (Brierley et al. 
1987, 1989), (3) have a unique set of conserved functional domains that 
are arranged in the viral polyproteins in the following order: chymo- 
trypsin-like proteinase, RdRp, helicase, and endoribonuclease (from 
N- to C-terminus) (Gorbalenya et al. 1989c; Gorbalenya 2001; Snijder et 
al. 2003), and (4) use RdRp and helicase activities that, based on the 
conservation of signature motifs, have been classified as belonging to 
the RdRp and helicase superfamilies 1, respectively (Koonin and Dolja 
1993). Both the combination of two superfamily 1 domains and their se- 
quential order in the polyprotein, with RdRp preceding the helicase, is 
extremely unusual (if not unique) among +RNA viruses. On the basis of 
these and other common properties, a new virus order, the Nidovirales, 
was introduced several years ago (Cavanagh 1997). At present, there is 
only little information on the toro- and ronivirus replicases, whereas in- 
formation on the replicases of corona- and arteriviruses is accumulating 
rapidly. On the basis of both serological relationships and sequence sim- 
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ilarity, coronaviruses have been classified into three groups (Siddell 
1995), with human coronavirus 229E (HCoV-229E, group 1), porcine 
transmissible gastroenteritis virus (TGEV, group 1), mouse hepatitis vi- 
rus (MHV, group 2), and avian infectious bronchitis virus (IBV, group 3) 
being the best-studied coronaviruses to date. Because of its medical im- 
portance, SARS coronavirus (SARS-CoV) (tentatively classified as be- 
longing to group 2) (Snijder et al. 2003) is currently becoming a major 
topic of coronavirus research. 


2 
Organization and Expression of the Replicase Gene 


Complete genome sequences are currently available for seven species of 
coronaviruses, IBV (Boursnell et al. 1987), MHV (Bredenbeek et al. 1990; 
Lee et al. 1991; Bonilla et al. 1994), HCoV-229E (Herold et al. 1993), 
TGEV (Eleouet et al. 1995; Penzes et al. 2001), porcine epidemic diarrhea 
virus (PEDV) (Kocherhans et al. 2001), bovine coronavirus (Chouljenko 
et al. 2001), and SARS-CoV (Marra et al. 2003; Rota et al. 2003). In some 
cases (for example, SARS-CoV) complete genome sequences are avail- 
able for several or even multiple isolates (Ruan et al. 2003). The genome 
sizes of coronaviruses range between 27.3 (HCoV-229E) and 31.3 
(MHV) kb, making coronaviruses the largest RNA viruses currently 
known. About two-thirds of the coronavirus genome (~20,000 bases) are 
devoted to encoding the viral replicase that mediates viral RNA synthe- 
sis (Thiel et al. 2001b) and, possibly, other functions. The replicase gene 
is comprised of two large open reading frames, designated ORFla and 
ORF1b, that are located at the 5’ end of the genome. The upstream 
ORFla encodes a polyprotein of 450-500 kDa, termed polyprotein 
(pp)la, whereas ORFla and ORFI1b together encode pplab (750- 
800 kDa) (Fig. 1). Expression of the C-terminal, ORF1b-encoded half of 
pplab requires a (-1) ribosomal frameshift during translation. It is gen- 
erally accepted that frameshifting depends on two critical elements, the 
“slippery” sequence, UUUAAAC, at which the ribosome shifts into the 
(-1) reading frame and a tripartite RNA pseudoknot structure located 
more downstream, near the ORFla/1b junction (Brierley et al. 1987, 
1989; Herold and Siddell 1993). In vitro experiments using reticulocyte 
lysates indicate that frameshifting occurs in about 20%-30% of the 
translation events, but it is not known whether this reflects the situation 
in vivo. The fact that the core replicative functions, RdRp and helicase, 
are encoded by ORF1b implies that their expression critically depends 
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SARS corona- 


CoV), and avian infectious bronchitis virus (IBV). The processing end- 


Fig. 1. Overview of the domain organization and proteolytic processing of coronavi- 
rus replicase polyproteins. Shown are the replicase polyproteins ppla and pplab of 


human coronavirus 229E (HCoV-229E), mouse hepatitis virus (MHV), 


virus (SARS 
products of ppla are designated nonstructural proteins (nsp) 1 to nsp11, and those 
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on ribosomal frameshifting, suggesting a requirement for a specific mo- 
lar ratio between ORFla- and ORF1b-encoded protein functions. 


3 
Replicase Polyproteins 


3.1 
Functional Domains 


Initial sequence analyses in the late 1980s suggested a large divergence 
of the coronavirus replicase from the replicative machinery of other 
+RNA viruses. Accordingly, at this time, only very few functional predic- 
tions could be made for the ~800-kDa replicative polyproteins of coron- 
aviruses (Boursnell et al. 1987). In 1989, a detailed comparative sequence 
analysis of the IBV replicase gene (Gorbalenya et al. 1989c) was pub- 
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of pplab are designated nsp1 to nsp10 and nsp12 to nsp16. Note that nsp1 to nsp10 
may be released by proteolytic processing of either ppla or pplab, whereas nsp11 is 
processed from ppla and nsp12 to nspl6 are processed from pplab. nsp11 and 
nsp12 share a number of residues at the N-terminus. Alternative names that have 
been used in the past to designate specific processing products are given. Cleav- 
age sites that are processed by the viral main proteinase are indicated by red 
arrowheads, and sites that are processed by the accessory papainlike proteinases 1 
and 2 are indicated by orange and blue arrowheads, respectively. Ac, acidic domain 
(Ziebuhr et al. 2001); PL1, accessory papainlike cysteine proteinase 1 (Baker et al. 
1989, 1993; Gorbalenya et al. 1991; Herold et al. 1998); X, X domain (Gorbalenya et 
al. 1991), which is predicted to have adenosine diphosphate-ribose 1”-phosphatase 
activity (Snijder et al. 2003); SUD, SARS-CoV unique domain (Snijder et al. 2003); 
PL2, accessory papainlike cysteine proteinase 2 (Gorbalenya et al. 1991; Liu et al. 
1995; Kanjanahaluethai and Baker 2000; Ziebuhr et al. 2001); Y, Y domain containing 
a transmembrane domain and a putative Cys/His-rich metal-binding domain; TM1, 
TM2, and TM3, putative transmembrane domains 1 to 3; 3CL, 3C-like main protein- 
ase (Gorbalenya et al. 1989c; Liu and Brown 1995; Ziebuhr et al. 1995; Lu et al. 1995); 
RdRp, putative RNA-dependent RNA polymerase domain (Gorbalenya et al. 1989c); 
HEL, helicase domain (Seybert et al. 2000a); ExoN, putative 3’-to-5’ exonuclease 
(Snijder et al. 2003); XendoU, putative poly(U)-specific endoribonuclease (Snijder et 
al. 2003); MT, putative S-adenosylmethionine-dependent ribose 2'-O-methyltransfer- 
ase (Snijder et al. 2003); C/H, Cys/His-rich domains predicted to bind metal ions. 
Note that IBV ppla and pplab do not have a counterpart of nsp1 of other coron- 
aviruses. The papainlike cysteine proteinase 1 of IBV is crossed out to indicate that 
the domain is proteolytically inactive 
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lished in which the RdRp and NTPase/helicase domains were predicted 
to be encoded by the 5’ region of ORF1b. Furthermore, a putative chy- 
motrypsin-like (picornavirus 3C-like) cysteine proteinase domain 
(3CLP"°) was identified in ORFla and predictions on putative cleavage 
sites in the C-terminal regions of ppla and pplab were made. The pro- 
teinase was found to be flanked by membrane domains on both sides. 
The coronavirus replicative proteins were proposed to be only extremely 
distantly related to the corresponding homologs of other +RNA viruses, 
and many of the ppla/pplab-encoded enzymes appeared to have unique 
structural properties. Thus, for example, the helicase was proposed to be 
linked at its N-terminus to a complex zinc-binding domain (ZBD) con- 
sisting of 12 Cys/His residues (see below). In several cases, mutations in 
otherwise strictly conserved signature sequences were found. Thus the 
typical G-D-D signature of the conserved RdRp motif VI (Koonin 1991) 
was found to be replaced by S-D-D in the coronavirus homolog and the 
G(A)-X-H motif conserved in the S1 subsite of the substrate-binding 
pocket of picornavirus 3C proteinases (Gorbalenya et al. 1989a, 1989c) 
was substituted with Y-M-H. The predictions on functional domains, 
putative active-site residues, and proteinase cleavage sites were continu- 
ously elaborated and extended when more coronavirus replicase se- 
quences became available (Gorbalenya et al. 1991; Lee et al. 1991; Herold 
et al. 1993; Eleouet et al. 1995; Chouljenko et al. 2001; Kocherhans et al. 
2001; Penzes et al. 2001; Ziebuhr et al. 2001; Snijder et al. 2003). In these 
studies, papainlike cysteine proteinase (PL?™’) domains (Gorbalenya et 
al. 1991), a conserved domain of corona-, alpha-, and rubiviruses, 
termed X’ (Gorbalenya et al. 1991), an acidic domain (Ac) of unknown 
function, and a domain (termed Y) with putative metal-binding and 
membrane-targeting functions (Ziebuhr et al. 2001) were identified in 
the coronavirus ORFla sequence (Fig. 1). Overall, the sequence similari- 
ties between the replicase genes of prototypic viruses from the three co- 
ronavirus groups corresponded well to those of the structural protein re- 
gions, providing support for the traditional classification of coron- 
aviruses into three groups, which previously was based on structural 
protein sequence relationships and serological cross-reactivities (Siddell 
1995). 

Recently, the list of putative enzymes involved in coronavirus RNA 
synthesis was extended considerably. Thus, in the context of a bioinfor- 
matics study of the SARS-CoV genome, as many as five (putative) coro- 


* The X domain has recently been predicted to be an adenosine diphosphate-ribose 
1”-phosphatase (ADRP). 
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naviral RNA processing activities were identified (Snijder et al. 2003) 
(Fig. 1). These include (1) a 3’-to-5’ exonuclease (ExoN) of the DEDD 
superfamily (Zuo and Deutscher 2001), (2) a poly(U)-specific endoribo- 
nuclease (XendoU) (Laneve et al. 2003), (3) an S-adenosylmethionine- 
dependent ribose 2’-O-methyltransferase (2’-O-MT) of the RrmJ family 
(Biigl et al. 2000), (4) an ADRP (Martzen et al. 1999), and (5) a cyclic 
phosphodiesterase (CPD) (Martzen et al. 1999; Nasr and Filipowicz 
2000). Four of the activities are conserved in all coronaviruses, indicat- 
ing their essential role in the coronaviral life cycle. In fact, the number 
of enzymes predicted to be involved in coronavirus RNA synthesis and 
modification is unique in RNA viruses and indicates a remarkable func- 
tional complexity, which approaches that of DNA replication. Three 
of the newly identified activities, ExoN (nsp14), XendoU (nsp15), and 
2’-O-MT (nsp16), are arranged in pplab as a single protein block down- 
stream of the RdRp (nsp12) and helicase (nsp13) domains (Fig. 1), sug- 
gesting that their activities cooperate in the same metabolic pathway(s). 
This conclusion is supported by the identification of a stable processing 
intermediate in IBV-infected cells that exactly comprises these three 
domains (Xu et al. 2001). It is also supported by the fact that nsp14-16 
expression involves common regulatory mechanisms, (1) ribosomal 
frameshifting and (2) 3CL?*°-mediated proteolysis. As a first clue to pos- 
sible functions encoded by this gene block in ORF1b, an exciting parallel 
to cellular RNA processing pathways was found by Snijder et al. (2003). 
Thus homologs of the coronavirus nsp14-16 processing products cleave 
and process mRNAs to produce small nucleolar (sno) RNAs that, in turn, 
guide specific 2’-O-ribose methylations of rRNA (Kiss 2001; Filipowicz 
and Pogacic 2002). 

Two other coronavirus domains, CPD and ADRP, both of which do 
not require ribosomal frameshifting for expression, were speculated to 
cooperate in a pathway that again has parallels in the cell. Thus two cel- 
lular homologs are known to mediate two consecutive steps in the down- 
stream processing of tRNA splicing products. In this pathway, CPD con- 
verts adenosine diphosphate ribose 1”-2” cyclic phosphate (Appr>p) to 
adenosine diphosphate ribose 1”-phosphate (Appr-1”-p) (Culver et al. 
1994) that, in a second reaction, is further processed (probably dephos- 
phorylated) by an ADRP homolog (Martzen et al. 1999). 

Obviously, the characterization of the substrate specificities of the 
newly identified enzymes will now be of major interest and may allow 
predictions or even conclusions on the functions of these proteins. Both 
(reverse) genetic and biochemical data will be required to answer the 
question of whether the RNA processing enzymes are directly involved 
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in the synthesis and/or processing of viral RNA or rather interfere with 
(and thereby reprogram) cellular pathways for the benefit of viral repli- 
cation (or even have other functions). 

The observed pattern of conservation in different nidovirus families 
suggests a functional hierarchy for the five RNA processing activities, 
with XendoU playing a central role. This enzyme is universally con- 
served in nidoviruses and was previously referred to as “nidovirus-spe- 
cific conserved domain” (Snijder et al. 1990b; den Boon et al. 1991; de 
Vries et al. 1997). In contrast, CPD is only encoded by toroviruses and a 
subset of group 2 coronaviruses (excluding SARS-CoV) (Snijder et al. 
2003). Given that coronaviruses and arteriviruses are generally believed 
to use very similar replication and transcription strategies, it is intrigu- 
ing that, out of the four activities conserved in all coronaviruses (ExoN, 
XendoU, 2’-O-MT, and ADRP), only one activity (XendoU) is conserved 
in arteriviruses. One may therefore speculate that (1) arterivirus and co- 
ronavirus RNA synthesis mechanisms differ in several molecular details 
or (2) the viruses interact differentially with RNA processing pathways 
of the host cell. Alternatively, the extra functions encoded by corona- 
and toroviruses (and, to a lesser extent, roniviruses) may be required to 
synthesize and maintain the extremely large (~30 kb) RNA genomes of 
these viruses. Thus, on the basis of its sequence similarity with cellular 
3’-to-5’ exonucleases involved in proofreading, repair, and/or recombi- 
nation, ExoN has been speculated to be involved in related mechanisms 
that may be required for the life cycle of corona-, toro-, and roniviruses 
but may be dispensable for the much smaller arteriviruses (Snijder et al. 
2003). The significance of the observation that overexpression of nsp14 
induces apoptotic changes in the host cell (Liu et al. 2001) remains to be 
further investigated. 


3.2 
Proteolytic Processing by Viral Cysteine Proteinases 


In common with many other +RNA viruses (Krausslich and Wimmer 
1988; Dougherty and Semler 1993), coronaviruses employ proteolytic 
processing as a key regulatory mechanism in the expression of their 
replicative protein functions (Ziebuhr et al. 2000). Proteinase inhibitors 
that block proteolytic processing also obviate coronavirus replication, il- 
lustrating the essential role of ppla/pplab processing for viral RNA syn- 
thesis (Kim et al. 1995). On the basis of their physiological role, corona- 
virus proteinases can be classified into accessory proteinases, which are 
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responsible for cleaving the more divergent N-proximal ppla/pplab re- 
gions at two or three sites, and main proteinases, which cleave the major 
part of the polyproteins at 11 conserved sites and also release the con- 
served key replicative functions, such as RdRp, helicase, and three of the 
RNA processing domains (Ziebuhr et al. 2000; Snijder et al. 2003). All 
coronaviruses encode one main proteinase and, depending on the virus 
(see below and Fig. 1), one or two accessory proteinases. The accessory 
proteinases are papainlike cysteine proteinases that are designated PL?"® 
(PL1?*° and PL2?"°). The main proteinase is a cysteine proteinase with a 
serine proteinase-like structure (Anand et al. 2002). In previous publica- 
tions, two alternative designations have been used for this protein. The 
name main proteinase, M?"®, is generally used to stress the dominant 
physiological role of this proteinase in coronavirus gene expression, 
whereas the name 3C-like proteinase is used to stress the (distant) rela- 
tionship with picornavirus 3C proteinases, which is based on a common 
chymotrypsin-like two-f-barrel structure and similar substrate speci- 
ficities (Gorbalenya et al. 1989a,c; Ziebuhr et al. 2000). Despite this rela- 
tionship, there are also important structural differences between pico- 
rnavirus and coronavirus chymotrypsin-like proteinases (see below). 

Peptide cleavage data obtained for several coronavirus main pro- 
teinases revealed differential processing kinetics for specific sites. The 
order of cleavages was found to be conserved among coronaviruses and 
appears to depend on the accessibility of specific sites in the context of 
the polyprotein (Pifion et al. 1999) as well as the primary and secondary 
structures of a given cleavage site. Thus deviation from the 3CL?™ cleav- 
age site consensus sequence, L-Q|(A,S,G), resulted in most cases in sig- 
nificantly reduced cleavage efficiencies (Ziebuhr and Siddell 1999; Hegyi 
and Ziebuhr 2002; Fan et al. 2003). Furthermore, substrate peptides 
adopting extended f-strand structures appear to be favored by 3CLP"® 
over a-helical or disordered structures (Fan et al. 2003). On the basis of 
these data, it is reasonable to postulate that coronavirus polyprotein 
processing occurs in a temporally coordinated manner, which might 
lead to activation and inactivation of specific functions in the course of 
the viral life cycle, as has been demonstrated for other +RNA viruses 
(Lemm et al. 1994; Vasiljeva et al. 2003). 

The combined data of numerous studies published in the past 15 
years provide a (nearly) complete picture of the ppla/pplab processing 
pathways of prototypic viruses from all three coronavirus groups 
(Fig. 1). Throughout this chapter, the replicase processing end products 
will be continuously numbered from nonstructural protein (nsp) 1 to 
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nspl6 (from N- to C-terminus’) to facilitate their comparison with ho- 
mologs from other coronaviruses. 


3.2.1 
Accessory Proteinases 


The N-proximal regions of the MHV and HCoV-229E replicase polypro- 
teins are processed by two PLP"’s at three sites to produce nsp1-4, with 
the C-terminus of nsp4 being cleaved by the main proteinase (Fig. 1). 
The proteolytic activities of the MHV and HCoV-229E PL1?"° and PL2P?*° 
domains and the IBV PL2?"°, which all reside in nsp3, have been charac- 
terized in detail (Ziebuhr et al. 2000). Briefly, the MHV PL1" cleaves 
the nsp1|nsp2 and nsp2|3 sites, while PL2?*° processes the third site, 
nsp3|nsp4 (Baker et al. 1989, 1993; Dong and Baker 1994; Denison et al. 
1995; Hughes et al. 1995; Bonilla et al. 1997; Teng et al. 1999; Kanjana- 
haluethai and Baker 2000; Kanjanahaluethai et al. 2003). Also in HCoV- 
229E, PL1? was shown to cleave the nspl|nsp2 and nsp2|nsp3 sites 
(Herold et al. 1998; Ziebuhr et al. 2001). However, in the case of HCoV- 
229E, the regulation of proteolytic processing was shown to be more 
complex than previously thought. Thus PL2?" (originally believed to 
process only the nsp3|nsp4 site) was demonstrated also to process the 
nsp2|nsp3 site. The nsp2|nsp3 cleavages mediated by PL1?"® and PL2?"°, 
respectively, were shown to occur at exactly the same scissile bond 
(Herold et al. 1998; Ziebuhr et al. 2001). Whereas the PL1?*°-mediated 
cleavage proved to be slow and incomplete in vitro, PL2?"° cleaved this 
site efficiently under the same experimental conditions. Furthermore, 
evidence was obtained to suggest that the proteolytic activity of PL1?"° 
at the nsp2|nsp3 site is downregulated by PL2’"° by a noncompetitive 
mechanism (Ziebuhr et al. 2001). It was concluded that the activities 
of the two proteinase domains present in nsp3 are tightly regulated 
in HCoV-229E and, probably, also other coronaviruses, with PL2?" play- 
ing a major role and dominating over the activity of PL1’"°. This conclu- 
sion is also supported by the conservation of PL2?"° in all coronaviruses 
(Ziebuhr et al. 2001; Snijder et al. 2003). 

IBV encodes only one proteolytically active PL’’°, which is PL2P". 
The IBV PL1”"° domain, although being conserved, has lost its proteo- 
lytic activity in the course of evolution because of the accumulation of 
active site mutations (Ziebuhr et al. 2001). Apparently, IBV does not en- 


* Note that similar designations (nsp or ns) are occasionally used for some of the 
group-specific nonstructural proteins encoded in the 3’-structural protein regions of 
coronaviruses (Brown and Brierley, 1995). 
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code a counterpart of the nsp1l protein of other coronaviruses. Thus 
there are only two cleavage sites in this region of ppla/pplab, nsp2|nsp3 
and nsp3|nsp4, which are both processed by PL2?"° (Lim and Liu 1998; 
Lim et al. 2000). In SARS-CoV, only one PLP*® is conserved (Marra et al. 
2003; Rota et al. 2003). The domain occupies a position in ppla/pplab 
that corresponds to that of the PL2P*° domains of other coronaviruses 
and therefore is considered an ortholog of coronavirus PL2P"°s (Snijder 
et al. 2003). Obviously, the SARS-CoV PL2?"° must be responsible for 
the processing of all three sites identified in this region and, indeed, the 
activity of PL2?"° at the nsp2|nsp3 site was demonstrated recently (Thiel 
et al. 2003). The arrangement of the N-terminal domains of SARS-CoV 
nsp3 differs from that of other coronaviruses (Ziebuhr et al. 2001; 
Snijder et al. 2003). Thus, the conserved ADRP domain (“X” in Fig. 1) 
resides immediately downstream of the acidic domain (Ac) in nsp3, a 
position that is occupied by PL1?"® in other coronaviruses. Further 
downstream, another domain of unknown function has been identified 
in the region separating the ADRP and PL2?"® domains. It has been 
termed “SARS-CoV unique domain” (SUD) (Snijder et al. 2003) (Fig. 1). 

The sequence similarity between coronaviral PL?'’s and the proto- 
typic cellular proteinases is very low. A closer relationship seems to 
exist between the active sites of coronavirus PL?'’s and the leader pro- 
teinase (LP*°) of the picornavirus foot-and-mouth-disease virus (FMDV) 
(Gorbalenya et al. 1991). Crystal structure analysis revealed that the ac- 
tive site of LP*° also diverged profoundly from its cellular homologs, 
which explains some of the unique biochemical properties of this en- 
zyme, such as salt sensitivity and narrow pH optimum (Guarné et al. 
1998, 2000). It remains to be studied whether the sequence affinity be- 
tween LP*® and coronavirus PL?'’s is associated with common structural 
and functional features. 

Only very few amino acids are absolutely conserved among coronavi- 
rus PL?'’s (Herold et al. 1999). Furthermore, there are only very few 
PL1*® versus PL2?"® lineage-specific residues, which do not provide suf- 
ficient evidence for clustering the PL1’"° and PL2?"° domains into two 
separate groups. Despite this divergency at the sequence level, coronavi- 
rus PLP'°s share a number of common properties. Thus they all (1) pro- 
cess sites that are located in the N-terminal half of the replicase polypro- 
teins, far upstream of the conserved ORF1b-encoded domains (Fig. 1), 
(2) cleave sites that have at least one small residue (Gly, Ala) at the scis- 
sile bond (Dong and Baker 1994; Hughes et al. 1995; Bonilla et al. 1997; 
Herold et al. 1998; Lim and Liu 1998; Lim et al. 2000; Ziebuhr et al. 2001; 
Kanjanahaluethai et al. 2003), (3) have a catalytic dyad consisting of Cys 
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(followed by Trp or Tyr) and a downstream His (Baker et al. 1993; 
Herold et al. 1998; Lim and Liu 1998), and (4) employ variants of the pa- 
painlike a+ fold (Gorbalenya et al. 1991; Herold et al. 1999). Molecular 
modeling suggests that the a and B domains are connected by a tran- 
scription factor-like domain that includes a zinc-binding domain (ZBD) 
essential for proteolytic activity (Herold et al. 1999) (Fig. 1). It seems 
likely that the domain also has other functions, for example, in sg 
mRNA transcription. This hypothesis is based on (1) the sequence simi- 
larity with cellular transcription factors (Herold et al. 1999) and (2) the 
fact that the related ZBD-containing EAV nsp1 papainlike proteinase has 
a clearly established role in arterivirus sg mRNA synthesis (Tims et al. 
2001). 

The presence of two PL?’’s in most coronavirus replicases suggests 
that these enzymes originated from the duplication of a PL?*® domain in 
one of the ancestors of the contemporary coronaviruses. Surprisingly, 
however, phylogenetic trees inferred from multiple sequence compar- 
isons of coronavirus PL?'°s revealed that only the PL1?"° and PL2?"® do- 
mains of the most closely related coronaviruses were clustered together 
(Ziebuhr et al. 2001). Therefore, multiple independent gene duplications 
in different coronaviruses cannot be excluded entirely. Alternatively and 
much more probably, the above result can be interpreted to reflect ho- 
moplasy events that, subsequent to the initial gene duplication, have 
driven a parallel evolution of the two coronavirus PL?" paralogs, while 
other regions of the replicase diverged much more profoundly (Ziebuhr 
et al. 2001). Often, such homoplasy events are driven by common sub- 
strates. Thus the identification of a common cleavage site that is pro- 
cessed by both PL1?"® and PL2?"° in HCoV-229E may indicate that, in 
this virus and probably also other coronaviruses, the conservation of 
overlapping substrate specificities was an important driving force of 
evolution. The underlying selective advantage that led to the conserva- 
tion of such a partial redundancy of two proteinase domains in most 
coronaviruses remains to be investigated. Conservation of overlapping 
substrate specificities also appears to affect the cleavage site structures. 
Thus a comparison of PL?" cleavage sites of SARS-CoV and IBV, which 
both employ only one PL?*® activity, with the corresponding cleavage 
sites of HCoV-229E, which employs two PL?*® domains, revealed a much 
better conservation of the IBV/SARS-CoV PL2P*° sites compared with 
the HCoV PL1?*°/PL2?"® sites (Thiel et al. 2003). 
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3.2.2 
Main Proteinase 


The coronavirus main proteinase, 3CLP"°, is encoded by ORFla and 
resides in nsp5 (Fig. 1). In the polyprotein, it is flanked by hydropho- 
bic domains. The ~33-kDa proteinase releases itself from ppla/pplab 
at flanking sites and directs the proteolytic processing of all down- 
stream domains of ppla/pplab (Fig. 1). In total, 3CLP"° cleaves at 11 
conserved sites to produce 13 processing end products and, probably, 
multiple intermediates. Because of the central role in the expression of 
the major replicative proteins, 3CLP"° is also called “main” proteinase 
(MP). 

Coronavirus 3CL*’’s represent a highly diverged branch of two-f-bar- 
rel proteinases (Gorbalenya et al. 1989a,c). In contrast to what the name 
suggests, coronavirus 3CL?'’s also deviate significantly from the pico- 
rnavirus 3C and other +RNA viral 3C-like proteinases. Characterization 
of a roniviral 3CL?*® has indicated that the 3C-like proteinases of 
potyviruses may represent the closest relatives of coronavirus 3CLP"°s 
(outside the Nidovirales order) (Cowley et al. 2000; Gorbalenya 2001; 
Ziebuhr et al. 2003). In common with the prototypic picornavirus 3C 
proteinases (Allaire et al. 1994; Matthews et al. 1994; Mosimann et al. 
1997), coronavirus 3C-like proteinases have a chymotrypsin-like, two-f- 
barrel fold that is formed by 12 antiparallel 6-strands (Allaire et al. 1994; 
Matthews et al. 1994; Mosimann et al. 1997; Anand et al. 2002, 2003). 
However, both the size and orientation of secondary structure elements 
vary considerably between the two groups of enzymes, making reliable 
structural alignments difficult, if not impossible. Furthermore, in con- 
trast to 3C proteinases but in common with other nidovirus 3C-like pro- 
teinases (Barrette-Ng et al. 2002; Ziebuhr et al. 2003), coronavirus 
3CLP*°s have a C-terminal extension, which is called domain III to dis- 
tinguish it from the 6-barrel domains I and II. Domain III of the TGEV 
3CLP"® comprises 103 amino acids and consists of 5 a-helices that adopt 
a unique structure that currently has no homologs in the database 
(Anand et al. 2002) (Figs. 2 and 3). The structure of the coronavirus 
3CLP*® domain III differs from the corresponding domain of the ar- 
terivirus nsp4 proteinase, which comprises only 49 residues and consists 
of 2 short pairs of B-strands and 2 a-helices (Barrette-Ng et al. 2002). 

The differences between picornavirus and coronavirus chymotryp- 
sin-like proteinases also extend to the catalytic residues. Thus, whereas 
the vast majority of picornavirus enzymes employ a catalytic triad, Cys- 
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Fig. 2. Sequence comparison of coronavirus 3C-like main proteinases. The align- 
ment was generated with the ClustalW program (version 1.82) (http://www.ebi.ac.uk/ 
clustalw/) and used as input for the ESPript program (version 2.1) (http://prodes. 
toulouse.inra.fr/ESPript/cgi-bin/ESPript.cgi). The 3CL?*® sequences of transmissible 
gastroenteritis virus (TGEV, strain Purdue 46), feline infectious peritonitis virus 
(FIPV, strain 79-1146), human coronavirus 229E (HCoV-229E), porcine epidemic di- 
arrhea virus (PEDV, strain CV777) bovine coronavirus (BCoV, isolate LUN), mouse 
hepatitis virus (MHYV, strain A59), avian infectious peritonitis virus (IBV, strain 
Beaudette), and SARS coronavirus (SARS-CoV, isolate Frankfurt 1) were derived 
from the replicative polyproteins of the respective viruses whose sequences are de- 
posited at the DDBJ/EMBL/GenBank database (accession numbers: TGEV, AJ271965; 
FIPV, AF326575; HCoV, X69721; PEDV, AF353511; BCoV, AF391542; MHV, NC 
001846; IBV, M95169; SARS-CoV, AY291315). The f-strands and a-helices as re- 
vealed by the TGEV 3CL?® crystal structure (Anand et al. 2002; PDB 1LVO) are 
shown above the sequence alignment. Catalytic Cys and His residues are indicated 
by asterisks 
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Fig. 3. Structure of monomer B of TGEV 3CL?"® with a hexapeptidyl chloromethyl 
ketone inhibitor bound to the active site (Anand et al. 2002, 2003). 3CL?*° domains 
I, II, and III are indicated. a-Helices are shown in red and are labeled A to E 
B-Strands are shown in green and are labeled a to f, followed by an indication of 
the domain to which they belong. Shown in ball-and-stick representation are the 
substrate analog inhibitor (residues P1 to P6), the catalytic residues (Cys144 and 
His41), and the S1 subsite His162 residue interacting with Tyr160 and the P1 Gln 
side chain of the substrate (see text for details). N- and C termini are labeled N 
and C 


His-Asp(Glu) (Allaire et al. 1994; Matthews et al. 1994; Mosimann et al. 
1997; Seipelt et al. 1999), which is reminiscent of the charge-relay system 
of chymotrypsin-like serine proteinases, the coronavirus 3CL?’°s use a 
catalytic dyad consisting of Cys (nucleophile) and His (general base) 
(Figs. 2 and 3). Mutation analyses performed with recombinant enzymes 
from different coronavirus species had consistently failed to identify a 
third catalytic residue, suggesting that coronavirus 3CL?*’s may lack a 
counterpart to the catalytic Asp(Glu) of other chymotrypsin-like pro- 
teinases (Liu and Brown 1995; Lu and Denison 1997; Ziebuhr et al. 
1997). This hypothesis was confirmed by crystal structure analyses of 
the TGEV (Anand et al. 2002), HCoV-229E (Anand et al. 2003), and 
SARS-CoV 3CLP"° enzymes (PDB acc: 1Q2W). Thus, for example, in the 
TGEV 3CLP” structure, a buried water molecule was found in the place 
that is normally occupied by the third member of the triad (Asp or Glu). 
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The water was hydrogen-bonded to His41° N°’, His163 N°’, and Asp186 
O°'. An equivalent water molecule is also found in the HCoV 3CL?”° 
structure. Here, it is stabilized by His41 N°’, Gln163 N°’, and Asp186 
O°'. The TGEV 3CL?"° structure also suggested that, after the attack of 
the active-site Cys144 nucleophile on the carbonyl carbon of the scissile 
bond, the developing oxyanion is stabilized by hydrogen bonds donated 
by the main chain amides of Gly142, Thr143, and Cys144, which togeth- 
er form the “oxyanion hole.” 

The substrate specificity of coronavirus 3CL?"’s resembles that of 
many other 3C and 3C-like proteinases (Blom et al. 1996; Ryan and Flint 
1997) in so far as all the coronavirus 3CL?”® sites share a Gln residue at 
the P1 position, whereas small residues (Ala, Ser, and Gly) are conserved 
at the P1’ position (Ziebuhr et al. 2000). Larger residues, such as Asn 
(which is found at the P1’ position of all coronavirus nsp8|nsp9 sites), 
result in significantly reduced cleavage efficiencies (Ziebuhr and Siddell 
1999; Hegyi and Ziebuhr 2002; Fan et al. 2003). Leu is strongly preferred 
at the P2 position of coronavirus 3CL’"® substrates, although other hy- 
drophobic residues, such as Ile, Val, Phe, and Met, are occasionally also 
found at this position. At the P4 position, small residues, Val, Thr, Ser, 
Pro, and Ala, are favored. The structural basis for the pronounced speci- 
ficity of coronavirus 3CL?'°s was elucidated recently by structure analy- 
sis of a hexapeptidyl chloromethyl ketone inhibitor bound to the active 
site of the TGEV 3CL?*® (Anand et al. 2003). Because the sequence of the 
inhibitor was derived from the P6-P1 region of a natural cleavage site 
(Val-Asn-Ser-Thr-Leu-Gln) of TGEV 3CLP", the structure most likely 
represents the binding mode of coronavirus 3CL?"® substrates in general. 
It was found that the P region of 3CL?*° substrates binds in a shallow 
groove at the surface of the proteinase, between domains I and II 
(Fig. 3). Residues P5 to P3 form an antiparallel B-sheet with residues 
164-167 of strand elI and residues 189-191 of the loop linking domains 
II and III. Deletion of the loop region abolishes the proteolytic activity 
of 3CLP"°, supporting the functional significance of the interaction be- 
tween the substrate and this loop region (Anand et al. 2002). 

The conserved Gln side chain at the P1 position of 3CL?*® substrates 
interacts with the imidazole of His162 (Fig. 3), at the bottom of the S1 
subsite, which is formed by the main-chain atoms of Ile51, Leul64, 
Glul65, and His171 (Anand et al. 2003). The neutral state of His162 over 
a broad pH range appears to be maintained by (1) stacking onto the 


> Amino acid residues of coronavirus 3CL?’°s are numbered from Ser(Ala)1 to 
Gln302. 
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phenyl ring of Phe139 and (2) accepting a hydrogen bond from the hy- 
droxyl group of the buried Tyr160. This interpretation is supported by 
mutagenesis data obtained for bacterially expressed HCoV-229E and fe- 
line infectious peritonitis (FIPV) 3CL?'°s (Ziebuhr et al. 1997; Hegyi et 
al. 2002). Tyr160 is part of the conserved coronavirus 3CL?"® signature, 
Tyr-X-His, whereas Gly(Ala)-X-His is found at the equivalent sequence 
position in most 3C and 3C-like proteinases (Gorbalenya et al. 1989a; 
Gorbalenya and Snijder 1996). Accordingly, stabilization of histidine 
in the neutral tautomeric state needs to be ensured by other residues 
(Bergmann et al. 1997; Mosimann et al. 1997). 

The hydrophobic S2 subsite of the proteinase, which accommodates 
the conserved Leu residue and, in few cases, other hydrophobic residues, 
is formed by the side chains of Leu164, Ile51, Thr47, His41, and Tyr53 
(Anand et al. 2003). The fact that, in the structure, the P3 side chain of 
the substrate analog was oriented toward bulk solvent explains why 
there is no specificity for any particular side chain at the P3 position of 
coronavirus 3CL?"® cleavage sites (Ziebuhr et al. 2000). The S4 site is 
rather congested (Anand et al. 2003), explaining the conservation of 
small residues, such as Ser, Thr, Val, or Pro, at this position of coronavi- 
rus 3CLP"® substrates. On the basis of the TGEV 3CLP*°-inhibitor struc- 
ture, it has been proposed that the relatively small P1’ residues (Ser, Ala, 
or Gly) may be accommodated by a S1’ subsite that involves Leu27, 
His41, and Thr47 (Anand et al. 2003). 

It is generally believed that most of the ppla/pplab cleavages are me- 
diated in trans by the fully processed form of 3CL?"® (nsp5). The trans 
activity of 3CL?*® has been well characterized, both biochemically and 
structurally (Ziebuhr et al. 1995; Gr6dtzinger et al. 1996; Lu et al. 1996; 
Heusipp et al. 1997a,b; Tibbles et al. 1999; Ziebuhr and Siddell 1999; 
Anand et al. 2002, 2003; Hegyi and Ziebuhr 2002; Fan et al. 2003). How- 
ever, it is not clear whether 3CL?"° cleaves itself from ppla/pplab in cis 
or in trans. Also, it is not clear whether 3CL?*® can cleave downstream 
ppla/pplab sites in cis. Thus, on the one hand, there is biochemical and 
structural evidence to suggest that 3CL?"” self-processing occurs in trans 
(Lu et al. 1996; Anand et al. 2002). Furthermore, in MHV-infected cells, 
3CLP*® was found to be part of a rather stable 150-kDa processing inter- 
mediate (nsp4-10 or nsp4-11), which also argues against a rapid, co- 
translational release of 3CL?®° in cis (Schiller et al. 1998). On the other 
hand, a number of MHV and IBV 3CL?"°-containing precursors were 
shown to require microsomal membranes for efficient autocatalytic re- 
lease of 3CL?"® from the flanking TM2 (nsp4) and TM3 (nsp6) domains 
(Tibbles et al. 1996; Pifion et al. 1997), indicating that the flanking do- 
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mains (when properly folded) affect the activity of 3CLP*°. In other 
words, interdomain interactions in pplab may modulate the structure 
(and activity) of the enzyme, for example, to render 3CL’"® competent 
for cis cleavages at flanking sites or even further downstream sites. In 
fact, one might expect that at least some of the ppla/pplab cleavages 
need to occur in cis early in infection, when the concentration of 3CLP"” 
is low and intermolecular reactions are less likely to occur. Otherwise, if 
there were no cis cleavages at all, ppla/pplab should operate initially as 
an extremely large polyprotein that is only processed at its N-terminus 
by PLP" cleavages. Structure information for larger 3CL?"® precursors 
will be required to answer the question of whether or not 3CL?"® adopts 
alternative conformations in its fully processed form and larger precur- 
sor molecules. Notably, reorientation of secondary structure elements af- 
ter intramolecular release is believed to occur in picornavirus 3C pro- 
teinases (Khan et al. 1999), illustrating the significance of this question. 
At present, structure information is only available for the fully pro- 
cessed coronavirus 3CL?® (Anand et al. 2002, 2003). Both the crystal 
structures and dynamic light scattering data show that 3CL?"° forms di- 
mers (Anand et al. 2002, 2003). The two molecules in the dimer are ori- 
ented perpendicular to one another (Fig. 4). The contact interface main- 
ly involves conserved residues of the N-terminus of one molecule and 
domain II of the other molecule (and vice versa). The N-terminal amino 
acid residues are squeezed in between domains II and III of the parent 


Fig. 4. Coronavirus main proteinases form dimers (Anand et al. 2002). Stereo repre- 
sentation of a Ca plot of a TGEV 3CL’*® dimer (PDB accession number: 1LVO). 
Monomers A and B are shown in blue and red, respectively. The monomers are ori- 
ented perpendicular to one another. Dimerization mainly involves interactions of 
the N terminus with domain II of the other dimer (see text for details). The N termi- 
ni of monomers A and B are shown in green and brown, respectively 
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monomer and domain II of the other monomer, where they make a 
number of very specific interactions that appear tailor-made to bind this 
segment with high affinity. Apparently, this mechanism allows the active 
site to remain competent for binding and cleaving other sites in the 
polyprotein after autocleavage of 3CLP"°. In addition, the exact place- 
ment of the N-terminus seems to have a structural role for the mature 
3CLP*°, because deletion of residues 1 to 5 leads to a dramatic decrease 
in proteolytic activity (Anand et al. 2003). It has been speculated that 
the tight interaction of the N-terminus with domains II and III may help 
to maintain the loop connecting domains II and III in the orientation re- 
quired to bind the P3-P5 residues of the substrate (Anand et al. 2002, 
2003). The presumed indirect role of domain III in proteolysis may ex- 
plain the results from previous mutagenesis studies that consistently 
reported a dramatic loss of trans-cleavage activity with C-terminally 
truncated forms of HCoV-229E, TGEV, MHV, and IBV 3CLP’°s (Lu and 
Denison 1997; Ziebuhr et al. 1997; Ng and Liu 2000; Anand et al. 2002). 

Genetic data also point to a (direct or indirect) role of domain III in 
RNA synthesis. Thus characterization of temperature-sensitive (ts) MHV 
mutants revealed that substitution of the MHV 3CLP"° Phe219 residue, 
which is part of the loop connecting a-helices B and C in domain III 
(Fig. 2), with Leu causes an RNA-minus phenotype at the restrictive 
temperature (Siddell et al. 2001). Further characterization of the ts mu- 
tant, Alb tsl6, showed that both plus- and minus-strand synthesis was 
not greatly affected when the temperature was shifted late in infection. 
However, when the temperature was shifted to the nonpermissive tem- 
perature early, at a time when the rate of MHV RNA synthesis increases 
rapidly, no increase of plus-strand synthesis was observed with Alb ts16. 
Furthermore, inhibition of minus-strand synthesis (by inhibition of pro- 
tein synthesis) was found to cause a decline of plus-strand synthesis af- 
ter 30-60 min. The data can be interpreted to indicate that the defect in 
3CLP"® activity interferes with minus-strand synthesis and reduces it to 
a low level that merely ensures the replenishment of minus strands being 
lost because of turnover. Alternatively, the mutation may cause a defect 
in the activity of 3CL?"° that blocks the formation of plus-strand poly- 
merase activity (or prevents its conversion from the minus strand-syn- 
thesizing precursor). It remains to be determined whether the observed 
ts phenotype is caused by specific defects in the proteolytic activity of 
3CLP*"° or whether another, nonproteolytic function of domain III is af- 
fected. Thus, for example, protein-protein interactions involving domain 
III—as proposed to be mediated by the C-terminal domain of the EAV 
nsp4 proteinase (Barrette-Ng et al. 2002)—may be affected. 
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Fig. 5. Differential orientation of the C-terminal domains III of TGEV and SARS- 
CoV 3C-like main proteinases (PDB 1LVO and 1Q2 W). Superimposition (stereo im- 
age) of TGEV (orange) and SARS-CoV (blue) 3CL?"°s shows little variation between 
the structures of the N-terminal B-barrel domains I and II. The orientation (rather 
than the structure) of the respective C-terminal domains of TGEV and SARS-CoV 
3CLP"° differs slightly in the two proteins, resulting in less perfect superimposition 


Comparison of coronavirus main proteinase structures shows that 
domains I and II superimpose much better than the C-terminal domains 
III (Fig. 5). This is mainly due to a slightly different orientation of do- 
main III in relation to domains I and II rather than differences in the 
domain III structures themselves. 


3.3 
Helicase 


RNA helicases represent the second most conserved subunit of the 
RNA synthesis machinery of +RNA viruses and are involved in diverse 
steps of the viral life cycle (Buck 1996; Kadaré and Haenni 1997). They 
utilize the energy derived from hydrolysis of nucleoside triphosphates 
(NTPs) to unwind double-stranded (ds) RNA. Conservation of specific 
sequence motifs allows helicases to be classified into three large super- 
families (SFs), termed SF1, SF2, and SF3, as well as several small families 
(Gorbalenya et al. 1989b; Gorbalenya and Koonin 1993). The coronavi- 
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rus helicase resides in nsp13 and has been classified as belonging to SF1 
(Gorbalenya et al. 1989b, c) (Fig. 1). Nsp13 and its homologs in other 
nidoviruses have a putative zinc-binding domain (ZBD) at their N-ter- 
minus (Gorbalenya et al. 1989c), which is known to be required for the 
enzymatic activities of coronavirus and arterivirus helicases (Seybert, 
van Dinten, Posthuma, Snijder, Gorbalenya, and Ziebuhr, unpublished 
data). EAV reverse genetics data have shown that the ZBD and a down- 
stream segment (“hinge spacer”) that links ZBD to the C-terminal heli- 
case domain have distinct functions in arterivirus replication, sg mRNA 
transcription, and virion morphogenesis (van Dinten et al. 2000). It is 
tempting to suggest that coronavirus helicases may have similarly di- 
verse functions. Biochemical characterization of a recombinant form of 
HCoV-229E nsp13 demonstrated both nucleic acid-stimulated NTPase 
and duplex-unwinding activities (Seybert et al. 2000a). Similar data have 
subsequently been obtained for two arterivirus nsp10 helicases and the 
SARS-CoV nsp13 helicase (Seybert et al. 2000b; Bautista et al. 2002; Tan- 
ner et al. 2003; Thiel et al. 2003). 

Coronavirus (and arterivirus) helicases were shown to unwind their 
dsRNA substrates with 5’-to-3’ polarity, that is, they move in a 5’-to-3’ 
direction on the strand to which they initially bind (Seybert et al. 2000a, 
b). Obviously, this stands in contrast to the 3’-to-5’ polarity of the SF2 
helicases of flavi-, pesti-, and hepaciviruses (Kadaré and Haenni 1997; 
Kwong et al. 2000) and may indicate fundamental differences in biologi- 
cal functions between the two groups of enzymes. For example, the 
5’-to-3' polarity of the coronavirus nsp13 helicase activity argues against 
a role in the separation of secondary structures in the RNA template dur- 
ing minus-strand synthesis (as has been suggested for RNA viral SF2 he- 
licases), because this would require a helicase with 3’-to-5’ polarity. 

Interestingly, coronavirus nsp13 is one of the few helicases that have 
no marked preference for RNA or DNA substrates. Thus they have been 
found to unwind partial-duplex DNA substrates with high efficacy 
(Seybert et al. 2000; Thiel et al. 2003). This property allows DNA-based 
assays to be used in the characterization of coronavirus helicases (for 
example, in mutagenesis studies and high-throughput tests of potential 
inhibitors). Because coronaviruses replicate in the cytoplasm and the he- 
licase has not been found to localize to the nucleus (Sims et al. 2000; 
Bost et al. 2001), a biological significance of the DNA-unwinding activity 
of nsp13 seems unlikely, although it cannot be excluded entirely at the 
present stage. It should be mentioned in this context that the hepatitis C 
virus (HCV) NS3 helicase also has DNA duplex-unwinding activity, 
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which, however, has been proposed to affect the structure of host cell 
DNA (Pang et al. 2002). 

Duplex unwinding by coronavirus helicases is an energy-dependent 
process that derives its energy from NTP hydrolysis (Seybert et al. 
2000a; Seybert and Ziebuhr 2001). Coronavirus helicases appear to be 
highly promiscuous with respect to the NTP cofactor used. Thus all 
standard NTPs and dNTPs were found to be hydrolyzed by coronavirus 
helicases (Seybert et al. 2000a; Seybert and Ziebuhr 2001; Tanner et al. 
2003). Finally, coronavirus helicases possess RNA 5’-triphosphatase ac- 
tivity that may be involved in the formation of the 5’ RNA cap structure 
of coronavirus plus-strand RNAs (Ivanov et al. 2004; Ivanov and Ziebuhr 
2004). 


3.4 
RNA-Dependent RNA Polymerase 


As discussed above for other coronavirus ppla/pplab proteins, the 
RdRp domain also differs substantially from its homologs in other 
+RNA viruses. Coronavirus RdRps and their nidovirus relatives have 
been classified as an outgroup of SFl RdRps (Koonin 1991). The corona- 
virus RdRp domain comprising the finger, palm, and thumb subdo- 
mains occupies the C-terminal two-thirds of nsp12 (Gorbalenya et al. 
1989c). Recent data suggest that replication complex association of the 
RdRp may occur through interactions of the nsp12 segment 411-448 (lo- 
cated upstream of the RdRp core domain in nsp12) with ORFla-encod- 
ed proteins, such as nsp5 (3CLP"’), nsp8, and nsp9 (Brockway et al. 
2003). Consistent with the presumed RdRp activity of nsp12, a mutation 
in nsp12 (His868 to Arg) was found to cause an RNA-negative pheno- 
type in an MHV ts mutant, Alb ts22 (Siddell et al. 2001). Thus, when in- 
fected cultures of Alb ts22 were shifted to the restrictive temperature at 
40°C, both plus- and minus-strand RNA synthesis ceased immediately. 
Even at the permissive temperature, the ts mutant synthesized 4-5 times 
less RNA compared with revertants. The defect of this mutant in RNA 
synthesis can easily be explained by the fact that His868 is part of the 
predicted thumb subdomain of the MHV RdRp that, in other RNA poly- 
merases, has been implicated in polymerase activity (Burns et al. 1989; 
Mills et al. 1989; Plotch et al. 1989; Hansen et al. 1997). 

The Cys/His-rich nsp10 that immediately precedes RdRp in pplab 
(Fig. 1) has also been implicated in RNA synthesis. An MHV ts mutant, 
Alb ts6, encoding a mutant form of nsp10 (Gln65 to Glu), was shown to 
have a defect in minus-strand RNA synthesis (Siddell et al. 2001). Thus, 
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when the temperature was shifted to 40°C, minus-strand synthesis 
stopped immediately but plus-strand synthesis continued at the same 
level as was occurring at the time of temperature shift. Plus-strand RNA 
synthesis gradually declined over 3-4 h (starting at 30-60 min after the 
shift to 40°C) because the minus strands produced at the permissive 
temperature were turned over (Wang and Sawicki 2001) and, because of 
the defect in their synthesis, were not replenished at the restrictive tem- 
perature. 

Nsp10 and nsp12 (RdRp) are adjacent domains in pplab (Fig. 1). 
Peptide cleavage data have shown that, most likely because of a replace- 
ment of the conserved P2 Leu residue, the nsp10|nsp12 cleavage site is 
less efficiently cleaved than other SARS-CoV 3CLP™ sites (Fan et al. 
2003). Also, the nsp10|nsp12 sites of other coronaviruses have the P2 po- 
sition occupied by noncanonical residues. It is thus tempting to specu- 
late that the nsp10|nsp12 site has to be cleaved more slowly than other 
sites, probably to attain a specific activity mediated by an nsp10-nsp12- 
containing intermediate. The IBV nsp10 has been reported to form di- 
mers. It localizes to membranes near the site of viral RNA synthesis (Ng 
and Liu 2002). 


4 
Subcellular Localization of the Coronavirus Replicase 


Genome replication and transcription of virtually all +RNA viruses takes 
place at intracellular membranes that are derived from various cellular 
organelles including, for example, the endoplasmic reticulum, lysosomes 
and endosomes, intermediate compartment and trans-Golgi network, 
peroxisomes, mitochondria, and chloroplasts (Russo et al. 1983; 
Froshauer et al. 1988; Perdnen and Kdadridinen 1991; De Graaff et al. 
1993; Peranen et al. 1995; Restrepo-Hartwig and Ahlquist 1996; Schaad 
et al. 1997; van der Meer et al. 1998; Mackenzie et al. 1999; Restrepo- 
Hartwig and Ahlquist 1999; Miller et al. 2001). The viral replication 
complex, which consists of multiple viral but also cellular subunits (see 
the chapter by Shi and Lai, this volume), is associated with these mem- 
branes and, in many cases, also directs their synthesis and/or modifica- 
tion (Perdnen and K4aaridinen 1991; Cho et al. 1994; Schlegel et al. 1996; 
Teterina et al. 1997; Snijder et al. 2001; Egger et al. 2002). Typically, mul- 
tiple vesicles or membrane invaginations (spherules) on cellular or- 
ganelles are induced to which the replication complex is attached by spe- 
cific structural elements, such as hydrophobic domains (van Kuppeveld 
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et al. 1995; Snijder et al. 2001) amphipathic helices (Datta and Dasgupta 
1994), palmitate side chains (Laakkonen et al. 1996), and C-terminal 
membrane insertion sequences (Schmidt-Mende et al. 2001). As a result, 
replication takes place in a membrane-protected (and, thus, nuclease re- 
sistant) microenvironment that contains (and sequesters) the protein 
functions required for viral RNA synthesis. This strategy is believed to 
improve template specificity by retaining negative strands for template 
use and to repress host defenses that may be induced by double-strand- 
ed RNA (Schwartz et al. 2002). 

Association of the viral replication/transcription complex with intra- 
cellular membranes has also been established for coronaviruses (Sethna 
and Brian 1997). Thus TGEV genome- and subgenome-length minus 
strands, which are the templates for viral genome RNA replication 
and subgenomic mRNA transcription, respectively (Sethna et al. 1989; 
Sawicki and Sawicki 1990; Schaad and Baric 1994; Sawicki et al. 2001), 
were predominantly found in nuclease-resistant membranous complex- 
es. In contrast, positive-strand RNAs proved to be much more suscepti- 
ble to nuclease digestion, indicating that plus-strand RNAs, which also 
act as mRNAs, are mainly in solution or part of easily dissociable com- 
plexes in the cytosol (Sethna and Brian 1997). 

Immunofluorescence (IF) studies provided clear evidence that the 
vast majority of coronavirus replicase subunits localize to perinuclear 
membrane compartments (Heusipp et al. 1997a; Bi et al. 1998; Denison 
et al. 1999; Shi et al. 1999; van der Meer et al. 1999; Ziebuhr and Siddell 
1999; Bost et al. 2000; Sims et al. 2000; Bost et al. 2001; Xu et al. 2001; Ng 
and Liu 2002). Whereas most ORFla-encoded replicase components re- 
main tightly associated with membranes throughout the viral life cycle, 
at least some of the ORF1b-encoded subunits seem to be only temporar- 
ily present in the complex, probably when still part of the polyprotein. 
Thus, for example, partial detachment from the membrane-bound com- 
plexes was reported for MHV nsp12 and nsp13 later in infection (van 
der Meer et al. 1999; Bost et al. 2001; Xu et al. 2001). Also, the most 
C-terminal IBV pplab processing products show, in contrast to all other 
IBV ppla/pplab proteins tested, a diffuse, cytoplasmic staining pattern 
in IF experiments (van der Meer et al. 1999; Bost et al. 2001; Xu et al. 
2001). The membrane-bound replicase proteins overlap to a large extent 
with the site of viral RNA synthesis (Denison et al. 1999; Shi et al. 1999; 
van der Meer et al. 1999; Bost et al. 2001; Gosert et al. 2002; Ng and Liu 
2002). There is some controversy regarding the intracellular compart- 
ment at which viral RNA synthesis takes place and, in particular, the cel- 
lular origin of the membranes employed. In a recent EM study (Gosert 
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et al. 2002), virus-induced double membrane vesicles (DMVs) were re- 
ported to be the site of MHV-A59 replication and transcription in HeLa- 
MHVR (Gallagher 1996) and 17CL-1 cells. These DMVs have a diameter 
of 200-350 nm and consist of a double membrane that, occasionally, is 
fused into a trilayer. At the time of maximum RNA synthesis, both ge- 
nome- and subgenome-length positive-strand RNA was detected on 
DMVs by in situ hybridization, and also the results of BrUTP labeling 
suggest that DMVs are the site of viral RNA synthesis. The subcellular 
origin of the DMVs has not been determined to date. However, a previ- 
ous IF study (Shi et al. 1999) using MHV-A59-infected 17CL-1 and 
HeLa-MHVR cells suggested that N-terminal ppla/pplab proteins and 
newly synthesized RNA colocalize with ER- or Golgi-derived mem- 
branes, depending on the cell type studied. 

In clear contrast to these results, another study revealed that, in 
MHV-A59-infected L cells at 5 h p.i., the C-terminal ppla region (CT 1a), 
3CLP*® (nsp5), RdRp (nsp12), helicase (nsp13), and the N protein are as- 
sociated with virus-induced, late endosomal/lysosomal membranes, 
which were confirmed to be the site of RNA synthesis (van der Meer et 
al. 1999). In IF experiments, the sites of maximum CT1la accumulation 
overlapped only partially with those of nsp5, nsp12, and nsp13. A thor- 
ough EM study suggested that the low (albeit significant) degree of colo- 
calization of CTla and nsp12 is probably due to the existence of two dis- 
tinct types of membrane structures that are closely adjacent to each oth- 
er but have different morphologies and protein compositions. Thus 
CT1la was found to be associated mainly with endosomes, whereas the 
majority of nsp12 was associated with multilayered membranes, proba- 
bly originating from invaginations on continuous membrane sheets. The 
latter structures were morphologically reminiscent of endocytic carrier 
vesicles (ECVs) or multivesicular bodies (MVBs). However, the fact that 
many of these structures had membrane continuities to late endosomes 
argues against typical ECVs and rather favors the idea that both the mul- 
tivesicular (carrying the bulk of CTla) and multilayered (carrying the 
bulk of nsp12) structures represent different subdomains of the same 
endocytic compartment. Most intriguingly, it has also been found (van 
der Meer et al. 1999) that CTla- and nsp12-positive membranes appear 
to be secreted. Similar observations have also been reported recently for 
endosome-derived cytoplasmic vacuoles carrying the alphavirus replica- 
tion complex (Kujala et al. 2001). The functional significance of this phe- 
nomenon is currently unclear but may have parallels in the regulated ly- 
sosomal secretion systems employed by, for example, lymphocytes 
(Stinchcombe and Griffiths 1999). 
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The existence of two closely associated but physically distinct mem- 
brane compartments was also shown by iodixanol gradient centrifuga- 
tion of intracellular membranes isolated from MHV-A59-infected DBT 
cells (Sims et al. 2000). The ORFla-encoded proteins nsp2 (p65) and 
nsp8 (p22) cofractionated with membranes with a buoyant density of 
1.05-1.09 g/ml. In contrast, nsp13, the N protein, nsp1 (p28), and newly 
synthesized RNA were detected in another membrane fraction of 1.12- 
1.13 g/ml. Both membrane fractions were LAMP-1 positive, confirming 
previous conclusions on the endosomal/lysosomal origin of the MHV 
replication compartment. Interestingly, later in infection, there appears 
to be a translocation of nsp13 and the N protein to the ER/cis-Golgi 
compartment, resulting in colocalization of these two proteins with the 
M protein at the site of virion assembly (Bost et al. 2001). The combined 
data suggest a multipartite structure of the coronavirus replication com- 
plex, with the N protein playing a specific role in RNA synthesis as sug- 
gested earlier (Compton et al. 1987; Baric et al. 1988). Apparently, the 
coronavirus replication complex undergoes structural rearrangements at 
the transition from maximum RNA synthesis to virion assembly at later 
time points (8-12 h p.i.). If this is confirmed, the localization of nsp13 at 
the site of assembly may correspond with a specific role of nsp13 in viri- 
on biogenesis. Such an activity has also been proposed for the related 
arterivirus nsp10 helicase (van Dinten et al. 1999, 2000; Seybert et al. 
2000b). 

To date, the mechanisms by which components of the coronavirus 
replication complex are integrated in or attached to intracellular mem- 
branes have not been elucidated in detail. However, it seems very likely 
that the strongly hydrophobic domains, TM1 to TM3 (see Fig. 1), that 
are present in nsp3, nsp4, and nsp6 (Gorbalenya et al. 1989c; Ziebuhr et 
al. 2001) play a major role in this process. This hypothesis is supported 
by arterivirus data showing that homologous hydrophobic domains 
present in EAV nsp2 and nsp3 are necessary and sufficient to trigger the 
synthesis of the membrane structures carrying the arterivirus replica- 
tion complex (Pedersen et al. 1999; Snijder et al. 2001). The fact that sev- 
eral MHV ppla/pplab processing products including nsp3 (Gosert et al. 
2002) and nsp4-10(11) (Schiller et al. 1998), which contain TM1 and 
TM2/TM3, respectively, are integral membrane proteins strongly sug- 
gests a scaffold function for these proteins. There is also biochemical ev- 
idence indicating that the majority of ORFla-encoded proteins and, to a 
lesser extent, ORF1b-encoded proteins are tightly bound in the complex 
(Gosert et al. 2002). The precise protein-protein and protein-RNA inter- 
actions stabilizing this complex remain to be characterized. 
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5 
Concluding Remarks 


Although much has been learned about coronavirus replicase organiza- 
tion, localization, proteolytic processing, and some of the viral replica- 
tive enzymes (e.g., proteinases and helicases), there are still major gaps 
in our knowledge. Given the availability of full-length clones of coron- 
aviruses, directed genetic analysis is now possible (Almazan et al. 2000; 
Yount et al. 2000; Casais et al. 2001; Thiel et al. 2001a; Yount et al. 2002, 
2003). In vivo studies as well as biochemical and structural information 
should yield important new information on the molecular details of 
coronaviral RNA synthesis. In this context, it will be of particular inter- 
est to define the proteins that are responsible for the unique features of 
coronavirus RNA synthesis, for example, the production of an extensive 
set of 5’- and 3’-coterminal subgenomic RNAs and the synthesis and 
maintenance of RNA genomes of this unique size. Studies on coronavi- 
rus replicases and their homologs on closely related viruses may also 
help to determine the structural and functional constraints that have 
driven the evolution of nidoviruses and enable them to infect a broad 
range of vertebrate and invertebrate hosts. Furthermore, the relationship 
of the recently identified coronavirus RNA processing activities with cel- 
lular proteins may reveal interesting insights into similarities and differ- 
ences (or even an interplay) between coronaviral and cellular RNA me- 
tabolism pathways. In the long term, the unique structural properties of 
coronavirus replicative enzymes may allow the development of very se- 
lective enzyme inhibitors and possibly even drugs suitable to combat co- 
ronavirus infections. 
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Abstract As the largest RNA virus, coronavirus replication employs complex mecha- 
nisms and involves various viral and cellular proteins. The first open reading frame 
of the coronavirus genome encodes a large polyprotein, which is processed into a 
number of viral proteins required for viral replication directly or indirectly. These 
proteins include the RNA-dependent RNA polymerase (RdRp), RNA helicase, pro- 
teases, metal-binding proteins, and a number of other proteins of unknown func- 
tion. Genetic studies suggest that most of these proteins are involved in viral RNA 
replication. In addition to viral proteins, several cellular proteins, such as heteroge- 
neous nuclear ribonucleoprotein (hnRNP) Al, polypyrimidine-tract-binding (PTB) 
protein, poly(A)-binding protein (PABP), and mitochondrial aconitase (m-aconi- 
tase), have been identified to interact with the critical cis-acting elements of corona- 
virus replication. Like many other RNA viruses, coronavirus may subvert these cellu- 
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lar proteins from cellular RNA processing or translation machineries to play a role 
in viral replication. 


1 
Introduction 


Studies of diverse groups of positive-stranded RNA viruses reveal that 
they employ common strategies for replication, although the precise na- 
ture of these proteins varies for each virus (Pogue et al. 1994). In gener- 
al, the formation of viral translation and RNA replication complexes re- 
quire multiple viral and cellular proteins. By analogy with the phage Q£, 
which recruits four host (bacterial) proteins to be an integral part of the 
replicase complex together with the viral polymerase (Blumenthal and 
Carmichael 1979), it is likely that replication complexes of positive- 
stranded RNA viruses consist of both virus- and host-encoded proteins. 
In addition, viral and cellular proteins interact with various cis-acting el- 
ements on viral RNAs and play essential roles in the regulation of viral 
replication. They may mediate the cross talk between the 5’ and 3’ ends 
of the viral RNA and bring other distant cis-acting elements close to- 
gether to carry out complex processes, such as subgenomic RNA tran- 
scription, coupling between translation and RNA replication, and asym- 
metric production of excess genomic positive- over negative-strand 
RNAs. The switch between translation and replication in poliovirus has 
been shown to involve the cellular protein poly(rC)-binding protein 
(PCBP), which upregulates viral translation, and the viral protein 3CD, 
which represses viral translation and promotes negative-strand synthesis 
(Gamarnik and Andino 1998). Identification of the roles of viral and cel- 
lular proteins should provide valuable insights into the mechanisms of 
viral replication. 

The replication of the genome is considered as the most fundamental 
aspect of the biology of positive-stranded RNA viruses. Like all other 
positive-stranded RNA viruses, coronavirus replicates its genome 
through the synthesis of a complementary negative-strand RNA using 
the genomic RNA as a template. The negative-strand RNA, in turn, 
serves as the template for synthesizing more progeny positive-strand 
RNAs. Analysis of the structure of mouse hepatitis virus (MHV) defec- 
tive-interfering (DI) RNAs indicates that approximately 470 nucleotides 
(nt) at the 5’ terminus, 436 nt at the 3’ terminus, and about 135 internal 
nt are required for coronavirus DI RNA replication and suggests that 
these sequences contain signals necessary for viral RNA replication 
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(Kim et al. 1993; Kim and Makino 1995b; Lin and Lai 1993; Lin et al. 
1996). Both of the 5’ and 3’ ends of the genome are necessary for posi- 
tive-strand synthesis (Kim et al. 1993; Lin and Lai 1993), whereas the 
cis-acting signals for the synthesis of negative-strand RNA exist within 
the last 55 nt and the poly(A) tail at the 3’ end of the MHV genome (Lin 
et al. 1994). One unique feature of coronaviruses is the expression of 
their genetic information by transcription of a 3’ coterminal nested set 
of subgenomic mRNAs that contain a common 5’ leader sequence de- 
rived from the 5’ end of the RNA genome. The interaction between the 
leader sequence and an intergenic (IG) sequence upstream of each open 
reading frame (ORF), also named transcription-regulating sequence 
(TRS), is required for the transcription of subgenomic mRNAs (Chang 
et al. 1994; Liao and Lai 1994; Zhang and Lai 1995b). Logically, these cis- 
acting sequences for viral genomic RNA replication and subgenomic 
RNA transcription serve as ideal signals to recruit viral factors and pos- 
sibly cellular proteins for the formation of the RNA replication and tran- 
scription complex. 

Apart from the findings that continuous synthesis of viral proteins is 
a prerequisite for the synthesis of both positive- and negative-strand 
RNA and subgenomic mRNAs (Perlman et al. 1986; Sawicki and Sawicki 
1986), little information is currently available concerning the identities 
and functions of the viral proteins that participate in coronavirus repli- 
cation. Because of the unparalleled size of the coronavirus RNA genome, 
genetic approaches to the analysis of replicase gene function have been 
limited to date. Nevertheless, studies of the temperature-sensitive mu- 
tants of coronavirus demonstrate the importance of ORF 1 polyprotein 
(also known as the polymerase or replicase protein) in coronavirus RNA 
synthesis and suggest that different domains of this polyprotein are in- 
volved in different steps of viral RNA synthesis (Baric et al. 1990a; Fu 
and Baric 1994; Leibowitz et al. 1982; Schaad et al. 1990). Evolutionarily, 
the virus genome is composed of relatively constant replicative genes 
that are indispensable for viral replication and more flexible genes 
coding for virion structural proteins and various accessory proteins 
(Koonin and Dolja 1993). Despite the high mutation frequency that is 
typical of RNA viruses, viral proteins mediating the replication and ex- 
pression of virus genomes contain arrays of conserved sequence motifs. 
Proteins with such motifs include RdRp, putative RNA helicase, chymo- 
trypsin-like and papain-like proteases, and metal-binding proteins, all 
of which are present in the coronavirus ORF 1 polyprotein as shown 
by sequence comparisons (Bonilla et al. 1994; Bredenbeek et al. 1990; 
Gorbalenya et al. 1989b; Lee et al. 1991). Strategically located as the 
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5’-most gene in the viral genome, the coronavirus ORF 1 is translated 
into a large polyprotein immediately upon virus entry and processed by 
viral proteases into functional proteins, which are responsible for RNA 
replication and transcription. The processing scheme of the coronavirus 
ORF 1 polyprotein has been largely delineated by a number of recent 
studies. As a result, the functions of the domains that have not been 
identified before are beginning to emerge. In addition to the proteins 
with apparent enzymatic activities required for viral RNA synthesis, a 
number of other coronavirus proteins have also been implicated in viral 
replication. 

Many studies have shown that viruses use cellular proteins for multi- 
ple purposes in their replication cycles, including the attachment and 
entry into the cells, the initiation and regulation of RNA replication/ 
transcription, the translation of their mRNAs, and the assembly of prog- 
eny virions. Because many aspects of the replication cycles of different 
types of viruses are unique, the cellular proteins used by different types 
of viruses also differ. Nevertheless, viruses typically subvert the normal 
components of cellular RNA processing or translation machineries to 
play an integral or regulatory role in the replication/transcription and 
translation of viral RNA (Lai 1998). These cellular proteins include, but 
are not limited to: 


1. Heterogeneous nuclear ribonucleoproteins and other RNA processing 
factors: hnRNP Al (Black et al. 1995, 1996; Li et al. 1997; Shi et al. 2000; 
Wang et al. 1997) and other hnRNP type A/B proteins (Bilodeau et al. 
2001; Caputi et al. 1999; Shi et al. 2003), hnRNP C (Gontarek et al. 1999; 
Sokolowski and Schwartz 2001; Spangberg et al. 2000), hnRNP E (PCBP) 
(Gamarnik and Andino 1997; Parsley et al. 1997), hnRNP H (Caputi 
and Zahler 2002), hnRNP I (PTB) (Black et al. 1995, 1996; Chung and 
Kaplan 1999; Gontarek et al. 1999; Hellen et al. 1994; Ito and Lai 1997; 
Li et al. 1999; Wu-Baer et al. 1996), hnRNP L (Gutierrez-Escolano et al. 
2000; Hahm et al. 1998), HuR (Spangberg et al. 2000), and Lsm1p-relat- 
ed protein (Diez et al. 2000). 

2. Translation factors: elongation factors EF-la (Blackwell and Brinton 
1997; Harris et al. 1994; Joshi et al. 1986), -G and -y (Das et al. 1998), 
EF-Tu (Blumenthal and Carmichael 1979), and eukaryotic initiation fac- 
tor eIF-3 (Osman and Buck 1997; Quadt et al. 1993). 

3. Noncanonical translation factors: hnRNP Al, PTB, and La antigen 
(Meerovitch et al. 1993; Pardigon and Strauss 1996; Svitkin et al. 1996). 

4. Cytoskeletal or chaperone proteins: tubulin (Huang et al. 1993; Moyer 
et al. 1990; Moyer et al. 1986), actin (De et al. 1991), and heat shock pro- 
tein (Oglesbee et al. 1996). 
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These cellular proteins typically bind to viral RNAs or polymerase to 
form replication or translation complexes (Lai 1998). Remarkably, most 
of them can interact with RNAs of several different viruses or bind to vi- 
ral RNA in one virus but associate with viral polymerase in another. 

Coronavirus RNA synthesis, including replication of viral genome 
and transcription of subgenomic mRNAs, has been shown to be regulat- 
ed by several viral RNA elements, including 5’-untranslated region 
(UTR), cis- and trans-acting leader RNAs (Liao and Lai 1994; Zhang et 
al. 1994; Zhang and Lai 1995b), IG sequence (Makino et al. 1991), and 
3’-UTR (Lin et al. 1996). Biochemical evidence suggests that these regu- 
latory sequences likely interact with each other either directly or indi- 
rectly, probably through protein-RNA and protein-protein interactions 
involving both viral and cellular proteins (Zhang and Lai 1995b). In- 
deed, hnRNP Al (Huang and Lai 2001; Li et al. 1997; Shi et al. 2000), 
PTB (Huang and Lai 1999; Li et al. 1999), PABP (Spagnolo and Hogue 
2000), and mitochondrial aconitase (Nanda and Leibowitz 2001), have 
been identified as binding specifically to the known cis-acting regulatory 
sequences. The functional importance of hnRNP A1 (Shi et al. 2000) and 
PTB (Huang and Lai 1999) in viral RNA synthesis has also been estab- 
lished, further supporting the notion that cellular proteins play an inte- 
gral or regulatory role in viral replication. 

Viruses invariably rely on cellular architecture as an important struc- 
tural element of their replication machineries. The replication complexes 
of numerous positive-stranded RNA viruses have been found to be mem- 
brane associated (Bienz et al. 1994; Chambers et al. 1990; Froshauer et 
al. 1988; Miller et al. 2001; Schwartz et al. 2002; van Dinten et al. 1996). 
Thus, many cellular membrane proteins are expected to serve as scaf- 
folds to provide support for the formation of viral replication complex- 
es, for localized protein translation, and for viral assembly. Very little is 
currently known about these cellular factors. In this chapter, we focus 
on the proteins that are the integral parts of the replication complexes. 
Left out are the cellular factors involved in other aspects of viral replica- 
tion, such as virus entry and virus assembly. 


2 
Viral Proteins in Coronavirus Replication 


Although the mechanism of coronavirus RNA replication is still contro- 
versial, the consensus is that coronavirus RNA replication is directed by 
cis-acting sequences present on the viral RNAs with the help of trans- 
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acting factors encoded by the virus. Indeed, continuous protein synthe- 
sis is required for RNA synthesis, due to the fact that the application of 
inhibitors of protein synthesis at any time during the viral life cycle in- 
hibits viral RNA synthesis (Perlman et al. 1986; Sawicki and Sawicki 
1986). A similar observation has been made with an inhibitor of cysteine 
protease, which inhibits the processing of the MHV ORF 1 (termed the 
polymerase or the replicase gene) polyprotein (Kim et al. 1995), suggest- 
ing that continuous production of the polymerase gene products is re- 
quired for viral RNA synthesis. The precise nature of many of these 
products, however, is largely unknown. 


2.1 
The Polymerase Gene Products 


The coronavirus polymerase gene accounts for approximately two-thirds 
of the genome. It contains two overlapping ORFs, ORF la and ORF 1b, 
which overlap by 76 nt (Fig. 1). The expression of the downstream 


Genetic complementation groups 


A C D 


B E 


Fig. 1. The domain structure and processing scheme of the MHV polymerase gene 
products and the approximate location of genetic complementation groups (Baric et 
al. 1990a). PLP, papain-like protease; 3CLP, 3C-like protease; MP, membrane protein; 
RdRp, RNA-dependent RNA polymerase; Z, zinc-binding domain; HEL, helicase; C, 
conserved domain. The open, hatched, and closed arrows indicate the PLP1, PLP2, 
and 3CLP cleavage sites, respectively 
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ORF 1b is mediated by a ribosomal frameshift event that is aided by 
the formation of a pseudoknot structure within the overlapping region 
(Bredenbeek et al. 1990; Brierley et al. 1987; Herold and Siddell 1993). To 
date, the full-length product of ORF 1 has not been detected in coronavi- 
rus-infected cells, most probably because it is cotranslationally and 
auto-proteolytically processed into numerous intermediates and mature 
nonstructural proteins. Based on the primary sequences of several dif- 
ferent coronaviruses, the degree of amino acid identity for this gene 
product is greater than that is observed for any other coronavirus gene 
products. A combination of computer-based motif prediction and exper- 
imental analysis has identified a number of functional domains in the 
ORF 1 polyprotein (Fig. 1) (Gorbalenya et al. 1991; Lee et al. 1991). ORF 
la contains the papain-like cysteine proteases (PLPs), a chymotrypsin/ 
picornaviral 3C-like protease (3CLP), and membrane-associated pro- 
teins (MP). The more conserved ORF 1b includes domains for an RdRp, 
a zinc-finger nucleic acid-binding domain (metal-binding domain), and 
a nucleoside triphosphate (NTP)-binding/helicase domain. Both the 
synthesis and the processing of the ORF 1 polyprotein have been shown 
to be essential throughout infection to sustain RNA synthesis and virus 
replication (Denison et al. 1995b; Kim et al. 1995; Shi et al. 1999). 

The importance of the polymerase gene products in viral replication 
has been established by the study of temperature-sensitive (ts) mutants, 
which are a practical tool for investigating the roles of viral proteins in 
replication. The ts mutants are grouped into two categories, RNA’ and 
RNA’, based on the ability of these mutants to support viral RNA syn- 
thesis at the restrictive temperature (Leibowitz et al. 1982; Robb and 
Bond 1979). Complementation analysis of ts mutants suggests that at 
least five RNA” complementation groups are encoded in the MHV ge- 
nome (Baric et al. 1990a; Koolen et al. 1983; Leibowitz et al. 1982; Martin 
et al. 1988; Schaad et al. 1990). All of the RNA’ complementation groups 
are mapped within the ORF 1 region, suggesting that the coronavirus 
ORF 1 encodes all of the proteins required for viral RNA replication. 
Different complementation groups within MHV ORF 1 have been dem- 
onstrated to affect distinct steps of RNA synthesis, including the synthe- 
sis of leader RNA, negative-strand RNA, and positive-strand RNA, sug- 
gesting that different steps of RNA synthesis require different viral pro- 
teins (Baric et al. 1990b). Among the five RNA’ complementation 
groups, A, B, C, D, and E, identified by Baric et al. (Fig. 1) (Baric et al. 
1990a), groups A and B are defective in the synthesis of all viral RNAs, 
whereas the rest of the groups are only defective in certain steps of viral 
RNA synthesis. The group C mutants encode a function required early 
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in viral transcription to synthesize negative-strand RNA, whereas the 
group E mutants are blocked at a later stage in the virus growth cycle. 
The group D mutants are incapable of subgenomic mRNA transcription. 
Taken together, at least four cistrons are required for positive-strand 
RNA synthesis whereas the group C cistron functions during negative- 
strand RNA synthesis. A comparison of three disparate panels of MHV 
ORF 1 mutants, one for JHM (Robb and Bond 1979) and two for A59 
(Koolen et al. 1983; Schaad et al. 1990), concluded that there are at least 
eight genetically complementable, trans-acting functions encoded by 
ORF 1 (Stalcup et al. 1998). 

Genetic recombination analysis revealed that the five RNA’ comple- 
mentation groups of MHV are arranged in alphabetical order in the 5’ to 
3’ direction, with some overlaps between the group A/B and D/E mu- 
tants (Fig. 1) (Baric et al. 1990a, b). Group A most likely includes the 
PLP1 and PLP2 domains, whereas group B encompasses the 3CLP do- 
main. Group C spans the ORF 1la/ORF 1b junction, including the site of 
ribosomal frameshifting and the N-terminal part of the putative RdRp. 
Group D is mapped approximately in the middle part of the ORF 1b, 
possibly encoding the C-terminal part of the putative RdRp and the heli- 
case domain. Group E is located at the C terminus of ORF 1b, about 
20-22 kb from the 5’ end of the genome (Fu and Baric 1994). Further 
characterization of the ts mutants showed that one group C mutant car- 
ries a mutation in the 5’ end of ORF 1b encoding the putative RdRp, 
which is the only mutation found in a domain with an assigned func- 
tion. Because most of the mutations in other ts mutants have not been 
identified, it is still not possible to correlate all the genetic defects with 
the processed products of the ORF 1 polyprotein. 

Studies of the localization and interactions of MHV replicase proteins 
in infected cells have also provided critical insights into the possible 
roles of these proteins during viral replication. The localization of poly- 
merase gene products, including PLP1 and PLP2, 3CLP, RdRp, and heli- 
case, to cytoplasmic foci active in viral RNA synthesis has been well doc- 
umented, suggesting that they may participate in the formation and 
function of the viral replication complexes (Denison et al. 1999; Shi et al. 
1999; van der Meer et al. 1999). 


2.1.1 
RNA-Dependent RNA Polymerase 


The RdRp is the most conserved domain of all RNA viruses and is cer- 
tainly the most fundamental component of the viral replication machin- 
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ery. It functions as the catalytic subunit of the viral replicase required 
for the replication of all positive-stranded RNA viruses (Buck 1996). The 
vast majority of RdRps, including the coronavirus RdRp, have been 
identified solely on the basis of sequence similarity. Most viral RNA 
polymerases contain a signature GDD motif, which is considered to be 
the most characteristic sequence of the RdRps of positive-stranded RNA 
viruses. In coronavirus, an SDD motif is detected instead of GDD; the 
effect of this substitution on the activity of coronavirus RdRp is not 
clear (Gorbalenya et al. 1989b). Based on sequence analysis, the corona- 
virus RdRp is encoded by the 5’ end of the ORF 1b gene, synthesized as 
part of the gene 1 polyprotein, and processed by cysteine proteases into 
an approximately 100-kDa protein (Fig. 1) (Gorbalenya et al. 1989b; Lee 
et al. 1991). The viral proteins that contain the putative RNA polymerase 
domain have been detected by immunofluorescence or immunoprecipi- 
tation in cells infected with MHV (Shi et al. 1999; van der Meer et al. 
1999), IBV (Liu et al. 1994), and HCoV-229E(Grotzinger et al. 1996) but 
it is not known whether they represent the functional RdRp. 

Earlier studies on transmissible gastroenteritis virus (TGEV), bovine 
coronavirus (BCV), and MHV demonstrated viral polymerase activities 
in membrane fractions of virus-infected cells (Brayton et al. 1982, 1984; 
Dennis and Brian 1982; Mahy et al. 1983). Two temporally and enzymat- 
ically distinct RdRp activities have been detected in MHV-infected cells 
(Brayton et al. 1982), suggesting that the enzyme represents two differ- 
ent species of RNA polymerase that perform different roles in virus-spe- 
cific RNA synthesis. The early polymerase is most likely responsible for 
negative-strand RNA synthesis, whereas the late polymerase is responsi- 
ble for the positive-stranded RNA synthesis (Brayton et al. 1984). It is 
unknown whether the protein components of these two complexes are 
different or whether the same polymerase is modified by other viral or 
cellular proteins to perform distinct functions. Because coronaviruses 
are known to have a unique mechanism of subgenomic RNA synthesis 
quite distinct from that of genome replication, it is possible that the 
viruses could have more than one RNA polymerase. After the initial de- 
tection of polymerase activities in the fractions of coronavirus-infected 
cells, several in vitro RNA synthesis systems were also reported (Baker 
and Lai 1990; Compton et al. 1987; Leibowitz and DeVries 1988). The na- 
ture of the polymerases in these systems, however, has not been charac- 
terized. 

The catalytic activity of the coronavirus RdRp has so far not been 
demonstrated biochemically. In fact, only a handful of viral RdRps, such 
as QB replicase subunit II (Landers et al. 1974), poliovirus 3D pol pro- 
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tein (Neufeld et al. 1991; Rothstein et al. 1988; Van Dyke and Flanegan 
1980), hepatitis C virus NS5B protein (Behrens et al. 1996; Lohmann et 
al. 1997; Yuan et al. 1997), dengue virus NS5 protein (Tan et al. 1996), 
and tobacco vein mottling virus (TVMV) nuclear inclusion protein NIb 
(Hong and Hunt 1996), have been shown to possess RNA replicating ac- 
tivities in vitro. It is likely that the extremely hydrophobic nature of the 
coronavirus RdRps prevents the purification and biochemical character- 
ization of this protein. Thus, the precise role of coronavirus RdRps in vi- 
ral RNA synthesis has not been established. 


2.1.2 
Helicase 


The RNA helicase is the second most conserved component of the RNA 
virus replication machinery (Gorbalenya et al. 1988, 1989a; Gorbalenya 
and Koonin 1989; Koonin and Dolja 1993). Nearly all double-stranded 
and positive-stranded RNA viruses are predicted to encode putative heli- 
cases (Gorbalenya and Koonin 1989). RNA helicases are a diverse class 
of enzymes that use the energy of NTP hydrolysis to unwind duplex 
RNA. There is extensive genetic evidence suggesting a key function for 
helicases in the life cycle of positive-stranded RNA viruses (Buck 1996; 
Kadare and Haenni 1997). They are involved in virtually every aspect of 
RNA metabolism, including transcription, splicing, translation, export, 
ribosome biogenesis, mitochondrial gene expression, and the regulation 
of mRNA stability (de la Cruz et al. 1999; Linder and Daugeron 2000; 
Lohman and Bjornson 1996; Schmid and Linder 1992). The idea of in- 
volvement of RNA helicase in RNA replication came from the observa- 
tion that helicase mutants of BMV are defective in template recruitment 
for RNA replication and the synthesis of negative-strand or subgenomic 
RNA (Ahola et al. 2000). 

The RNA helicase domains of coronaviruses are encoded by ORF 1b 
and processed by 3CLP (Denison et al. 1999). They have been proposed 
to represent a separate phylogenetic lineage of the RNA virus superfami- 
ly 1 (SF1) helicases, which include the majority of putative RNA virus 
helicases (Gorbalenya and Koonin 1989; Kadare and Haenni 1997; 
Koonin and Dolja 1993). The putative MHV RNA helicase, which is pro- 
cessed from the ORF 1b polyprotein by 3CLP, has been detected in 
MHV-infected cells throughout the viral life cycle (Denison et al. 1999). 
Numerous attempts to detect the predicted RNA duplex-unwinding ac- 
tivity of these proteins have failed until recently when duplex-unwinding 
activity was observed for the human coronavirus (HCoV) helicase, pro- 
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viding valuable insights into the functions of this protein in viral replica- 
tion (Seybert et al. 2000). Biochemical characterization revealed that this 
helicase has both RNA and DNA duplex-unwinding activities with a 5’ 
to 3’ polarity, in contrast to the previously characterized RNA virus SF2 
helicases. A zinc finger/nucleic acid-binding domain, which has been 
found in numerous cellular helicases (Fig. 1) (Gorbalenya and Koonin 
1993), is also present in the coronavirus ORF 1b, upstream of the heli- 
case domain, but it is not known whether it contributes to the activity of 
the coronavirus helicase. 

Although there is no direct evidence indicating the involvement of 
the helicase in coronavirus RNA replication and transcription, the heli- 
case was localized to the perinuclear sites where active viral RNA syn- 
thesis was observed (Denison et al. 1999). It was further detected by bio- 
chemical analysis in membrane fractions that contain viral RNAs, sug- 
gesting that helicase is a component of the viral replication complex 
(Bost et al. 2000, 2001; Denison et al. 1999; Sims et al. 2000). Further- 
more, because double-stranded replicative intermediates are believed to 
be the predominant RNA structures in coronavirus RNA synthesis, it is 
tempting to speculate that, in analogy to models described for the DNA 
replisome (Baker and Bell 1998), the coronavirus helicase cooperates 
with the RdRp by providing the single-stranded RNA template for pro- 
cessive RNA synthesis. It is noteworthy that the vaccinia virus NPH-II 
RNA helicase was recently shown to be a highly processive enzyme that 
unwinds long duplex RNA structures, supporting the hypothesis that at 
least some viral RNA helicases might be directly involved in RNA repli- 
cation (Jankowsky et al. 2000). 


2.1.3 
Proteases 


The coronavirus replicase is translated from the genomic RNA as a large 
precursor polyprotein, which is then processed by viral proteases to 
generate functional replicase proteins. Whereas the RdRp and RNA heli- 
case play direct roles in viral RNA synthesis, the proteases are involved 
in viral replication through the processing of viral polyproteins into ma- 
ture products critical for the appropriate localization, assembly, and 
function of the replicase complex. They also play an important regulato- 
ry role in the generation of specific protein functions at certain stages of 
the viral life cycle. This controlled proteolysis is thought to be deter- 
mined mainly by the substrate specificity of the proteases and the acces- 
sibility of cleavage sites in the context of specific intermediate products 
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(van Dinten et al. 1997, 1999; Ziebuhr and Siddell 1999). Sequence anal- 
ysis of coronavirus genomic RNA led to the prediction of two or three 
protease domains in ORF la: one or two PLPs and a 3CLP (Gorbalenya 
et al. 1991; Lee et al. 1991). All of these proteases have been shown to 
function during viral replication and drive the processing of the MHV 
ORF 1 replicase polyprotein into at least 15 products (Fig. 1) (Baker et 
al. 1989, 1993; Bonilla et al. 1994, 1995; Bost et al. 2000; Denison et al. 
1992, 1995a, 1999; Gao et al. 1996; Lu et al. 1995, 1996, 1998; Lu and 
Denison 1997; Pinon et al. 1999; Schiller et al. 1998; Shi et al. 1999). 
Comparable, but distinct, proteolytic processing pathways have also 
been reported for some other coronaviruses, most notably IBV (Liu et 
al. 1994, 1998; Liu and Brown 1995) and HCoV-229E (Ziebuhr et al. 
2000). 

The coronavirus ORF 1 polyprotein can be divided into an N-termi- 
nal region that is processed by one or two PLPs and a C-terminal region 
that is processed by the 3CLP (Ziebuhr et al. 2000). The N-terminal re- 
gion of the polyprotein spans from the initiator Met to the N terminus 
of the hydrophobic domain MP1 (Fig. 1). All coronaviruses, except IBV, 
encode two paralogous and sequentially positioned PLP1 and PLP2 that 
flank a conserved X domain from both sides (Fig. 1) (Gorbalenya et al. 
1991; Lee et al. 1991). At least three proteins, p28, p65, and p210 (also 
known as p240), are produced from this region of the ORF 1a polypro- 
tein in MHV (Denison and Perlman 1987; Denison et al. 1995a; Schiller 
et al. 1998). The MHV p210 protein is autocatalytically released through 
cleavages mediated by PLP1 at the N-terminal site (Bonilla et al. 1995, 
1997) and PLP2 at the C-terminal site (Kanjanahaluethai and Baker 
2000). PLP1 also cleaves the p28-p65 junction (Baker et al. 1989, 1993; 
Dong and Baker 1994; Hughes et al. 1995), which, except for IBV, is con- 
served in all coronaviruses (Herold et al. 1998). Accordingly, a PLP1-me- 
diated cleavage at this site, resulting in the production of a small N-ter- 
minal protein (p9, p28 equivalent), was also detected in HCoV-infected 
cells (Herold et al. 1998). The single IBV PLP corresponds to the PLP2 
domain of other coronaviruses. It is part of a p195 protein, which is 
cleaved to produce an N-terminal product, p87 (Lim and Liu 1998; Lim 
et al. 2000). 

Coronavirus PLPs contain a transcription factor-like zinc finger 
(Herold et al. 1999), suggesting that they might also be directly involved 
in coronavirus RNA synthesis. This hypothesis is strongly supported by 
a recent report showing the equine arteritis virus (EAV) nonstructural 
protein 1, which is likely a distant homolog of the coronavirus PLPs, to 
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be a transcriptional factor indispensable for subgenomic mRNA synthe- 
sis (Tijms et al. 2001). 

The C-terminal part of the ORF 1 polyprotein encompasses all of the 
major conserved domains starting from the hydrophobic domain MP1 
and extending to the C terminus of the replicase polyprotein. The 3CLP, 
flanked on either side by membrane-spanning regions MP1 and MP2 
(Bonilla et al. 1994; Lee et al. 1991; Lu et al. 1995), is believed to be the 
principal viral protease responsible for the processing events leading to 
the formation of the viral replicase complex. At least 12 processing 
products, including the 3CLP itself, RdRp, and helicase, are generated by 
3CLP-mediated cleavage (Fig. 1) (Gorbalenya et al. 1991; Lee et al. 1991). 
Treatment of infected cells with E64d, a known inhibitor of the 3CLP, re- 
sults in the inhibition of viral RNA replication in these cells (Kim et al. 
1995), demonstrating the importance of the action of the 3CLP in the 
events leading to viral replication. The importance of 3CLP cleavages 
was demonstrated with an infectious clone of the related arterivirus EAV 
(van Dinten et al. 1999). Introduction of mutations into the candidate 
ORF 1b 3CLP cleavage sites had drastic effects on RNA synthesis and vi- 
rus replication. 3CLP has also been localized to the site of viral RNA 
synthesis by immunofluorescence staining and biochemical fraction- 
ation studies (Bost et al. 2000, 2001; Denison et al. 1999; Shi et al. 1999; 
Sims et al. 2000). 


2.1.4 
Other Polymerase Gene Proteins 


Apart from the RdRp, helicase, and proteases, the identities of many of 
the ORF 1 products have not been established. Thus, their roles in viral 
replication remain unknown. By immunofluorescence staining and con- 
focal microscopy, several studies have shown that a number of ORF la 
products, p65, p10, p22, p12, and p15, and an ORF 1b product, p35, are 
associated with the site of viral RNA synthesis (Fig. 1) (Bost et al. 2000; 
Shi et al. 1999). However, biochemical studies revealed two distinct but 
tightly associated membrane populations, only one of which appears to 
be a site for viral RNA synthesis (Sims et al. 2000). p28, helicase, 3CLP, 
and nucleocapsid (N) protein cosegregated with the viral RNA and, 
therefore, are likely to be the components of the viral replication com- 
plexes, whereas p65 and p22 are present in different membrane fractions 
and may serve roles during infection that are distinct from viral RNA 
transcription or replication (Sims et al. 2000). 
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The hydrophobic domains, MP1 and MP2, within the ORF la 
polyprotein were postulated to mediate the association of the coronavi- 
rus replicase with cellular membrane structures. MP1 has indeed been 
detected in microsomal membranes (Pinon et al. 1997), but its role in 
membrane association and coronavirus replication is largely speculative. 
A recent study on the related arterivirus demonstrated that the EAV 
nonstructural proteins (nsp) 2 and 3, which contain one or two hydro- 
phobic regions, induce the formation of double-membrane structures 
where EAV RNA synthesis takes place (Snijder et al. 2001). Similarly, the 
membrane proteins of coronavirus may serve to alter the cell architec- 
ture so that it is more favorable for viral replication. 


2.2 
The N Protein 


The coronavirus N protein associates with the genomic RNA to form a 
helical nucleocapsid. In addition to its role as a major structural compo- 
nent of virions, N may also be involved in viral RNA replication and 
translation control. In an in vitro replication system for MHV, it was 
demonstrated that antibodies against the N protein could inhibit RNA 
synthesis (Compton et al. 1987). Optimal replication of the bovine coro- 
navirus (BCV) DI RNA also requires the translation of most, if not all, of 
the N protein in cis (Chang and Brian 1996). Structural analysis of DI 
RNAs shows that the presence of gene 1 and N gene is sufficient for viral 
RNA replication (Kim and Makino 1995a). In addition, the MHV N pro- 
tein was detected in membrane fractions containing viral RNA (Sims 
et al. 2000) and colocalized with putative replicase proteins in virus- 
infected cells, providing further support that N may be involved in RNA 
replication (Denison et al. 1999; van der Meer et al. 1999). However, a 
mutational study of an infectious cDNA clone of EAV, a close relative of 
coronavirus, reported that all structural proteins, including N, are dis- 
pensable for genome replication and subgenomic mRNA transcription 
(Molenkamp et al. 2000). The coronavirus replicase gene products were 
also shown to be sufficient for discontinuous subgenomic mRNA tran- 
scription with a partial cDNA clone representing the 5’ and 3’ ends of 
the HCoV-229E genome, the HCoV-229E replicase gene, and a reporter 
gene located downstream of a regulatory element for coronavirus mRNA 
transcription (Thiel et al. 2001). The RNA replication levels observed in 
these systems are much lower than those containing the wild-type full- 
length viral genome, indicating that factors other than the replicase 
polyprotein are required for efficient RNA replication. 


Viral and Cellular Proteins Involved in Coronavirus Replication 109 


Because the N protein has the ability to interact with viral RNA, it 
most likely functions in viral RNA synthesis by binding to RNA and 
forming a ribonucleoprotein (RNP) complex. The N protein binds to the 
leader RNA sequences present at the 5’ end of genomic RNA and all six 
subgenomic mRNAs in MHV-infected cells (Baric et al. 1988; Nelson 
et al. 2000). Biochemical analysis measured a dissociation constant of 
14 nM for bacterially expressed MHV N-binding to the leader RNA 
(Nelson et al. 2000). The MHV negative-stranded RNA was also immu- 
noprecipitated by the anti-N monoclonal antibody. These data indicate 
that the MHV N protein is associated with MHV-specific RNAs and RNA 
intermediates and may play an important functional role during MHV 
transcription and replication. Furthermore, the N-leader-RNA-contain- 
ing RNP complexes were also immunoprecipitated from BCV-infected 
cells (Cologna et al. 2000). The interactions between the N protein and 
the RNA encompassing the N ORF may also contribute to the formation 
of the N-RNA complexes that are present in coronavirus-infected cells 
(Cologna et al. 2000). 

The N protein of MHV is also involved in positive translational con- 
trol (Tahara et al. 1993, 1998). It stimulated translation of a chimeric re- 
porter mRNA containing an intact MHV 5’-untranslated region and the 
chloramphenicol acetyltransferase (CAT)-coding sequence. Preferential 
translation of viral mRNA in MHV-infected cells is stimulated in part by 
the interaction between the N protein and a 12-nt tract at the 3’ end of 
the leader. 

Other coronavirus proteins, including structural protein hemaggluti- 
nin-esterase (HE) (Luytjes et al. 1988; Yokomori et al. 1991) and non- 
structural proteins NS2 (Schwarz et al. 1990), NS4 and NS5 (Yokomori 
and Lai 1991), are not essential for coronavirus replication. However, it 
is not clear whether any of these proteins can modulate viral replication. 


3 
Cellular Proteins in Coronavirus Replication 


Coronavirus replication involves not only the viral proteins, but also cel- 
lular proteins, which are subverted from the normal functions of the 
host to play roles in the viral replication cycle. No coronavirus proteins 
in the infected cell extract could be cross-linked to the viral RNA in vit- 
ro, suggesting that viral proteins may interact with viral RNA only indi- 
rectly through cellular proteins. Several cellular proteins have been 
shown to bind to the regulatory elements of MHV RNA, including the 5’ 
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and 3’ ends of the genomic RNA and the 3’ end of the negative-strand 
RNA and IG sites. So far, only a handful of them have been identified, 
among which hnRNP Al and PTB are the only two proteins found to in- 
teract with regions other than the 3’ end of the coronavirus genome. 
These proteins are likely to serve as mediators to bring the cis-regulato- 
ry regions together to form viral replication complexes. They may also 
help recruit and stabilize the RdRp to the initiation sites of viral RNA 
synthesis. 


3.1 
HNRNP A1 


UV cross-linking experiments using cytoplasmic extracts of uninfected 
cells and the IG sequence showed that three different cellular proteins 
bind to IG of the template RNA (Zhang and Lai 1995a). Deletion analy- 
ses and site-directed mutagenesis of IG further demonstrated a correla- 
tion between protein binding and transcription efficiency, suggesting 
that these RNA-binding proteins are involved in the regulation of coro- 
navirus mRNA transcription. One of these proteins was identified by 
partial peptide sequencing to be hnRNP Al (Li et al. 1997). hnRNP Al 
is an RNA-binding protein that contains two RNA-binding domains 
(RBDs) and a glycine-rich domain responsible for protein-protein in- 
teraction. It is predominantly a nuclear protein but also shuttles be- 
tween the nucleus and the cytoplasm (Pinol-Roma and Dreyfuss 1992). 
A 38-amino acid sequence, termed M9, located near the C terminus of 
hnRNP Al between amino acids 268 and 305 has been determined to 
be the signal that mediates shuttling (Michael et al. 1995; Siomi and 
Dreyfuss 1995; Weighardt et al. 1995). The nuclear hnRNP Al is known 
to be involved in pre-mRNA splicing and transport of cellular RNAs 
(Dreyfuss et al. 1993), whereas the cytoplasmic hnRNP A1 is capable of 
high-affinity binding to AU-rich elements and thus modulating mRNA 
turnover and translation (Hamilton et al. 1993, 1997; Henics et al. 1994). 
Another function of hnRNP A1 in the cytoplasm is to promote ribosome 
binding by a cap-mediated mechanism and to prevent spurious initia- 
tions at aberrant translation start sites (Svitkin et al. 1996). 

hnRNP Al binds MHV negative-strand leader and IG sequences 
(Furuya and Lai 1993; Li et al. 1997), which are critical elements for the 
discontinuous viral RNA transcription (Fig. 2). Site-directed mutagene- 
sis of the IG sequences demonstrated that the extent of binding of hn- 
RNP Al to the IG sequences correlated with the efficiency of transcrip- 
tion from the IG site (Furuya and Lai 1993; Li et al. 1997; Zhang and Lai 
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Fig. 2. Schematic drawings of the cellular proteins that interact with coronavirus 
RNA. hnRNP AI interacts with the negative-strand leader and IG sequences as well 
as the positive-strand 3'-UTR, whereas PTB interacts with the positive-strand leader 
and the complementary sequence of 3'-UTR. These two proteins bind to sequences 
that are complementary to each other at both the 5’ and 3’ ends of coronavirus 
RNAs. The poly(A) tail and the 3’-most 42 nt of the genomic RNA serve as binding 
domains for PABP and m-aconitase, respectively 


1995b). Immunostaining of hnRNP Al showed that hnRNP A1 relocated 
to the cytoplasm of MHV-infected cells, where viral RNA synthesis oc- 
curs (Li et al. 1997). hnRNP Al also interacts with the MHV N protein 
(Wang and Zhang 1999), which also binds to the MHV RNA directly 
(Baric et al. 1988; Stohlman et al. 1988). Furthermore, hnRNP Al medi- 
ates the formation of a ribonucleoprotein complex containing the MHV 
negative-strand leader and IG sequences (Zhang et al. 1999), suggesting 
that it may serve as a protein mediator for distant RNA regions to inter- 
act with each other to form a transcription initiation complex. Remark- 
ably, hnRNP Al has also been shown to bind the positive-stranded 
3’-UTR and may play a role in negative-strand RNA synthesis (Fig. 2) 
(Huang and Lai 2001). 

The functional importance of hnRNP Al in coronavirus RNA replica- 
tion was shown in cells stably expressing the wild-type hnRNP Al or a 
dominant-negative mutant of hnRNP Al, which lacks the C-terminal nu- 
clear localization domain (Shi et al. 2000). Viral RNA synthesis was ac- 
celerated by the overexpression of hnRNP A1 but delayed by the expres- 
sion of the mutant hnRNP A1 in the cytoplasm. Thus, the truncation 
mutant of hnRNP Al interferes with viral RNA replication in a domi- 
nant-negative fashion. In addition to the general inhibition of viral RNA 
synthesis, the hnRNP Al mutant also caused a preferential inhibition of 
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the replication of DI RNAs, suggesting that the inhibition of MHV repli- 
cation by the hnRNP Al mutant was most likely a direct effect on viral 
RNA synthesis rather than an indirect effect on other aspects of cellular 
or viral functions. Because hnRNP Al binds directly to the cis-acting 
MHV RNA sequences critical for MHV RNA transcription (Li et al. 
1997) and replication (Huang and Lai 2001), it is most likely that hnRNP 
Al may participate in the formation of the transcription/replication 
complex. 

However, a mouse erythroleukemia cell line, CB3, that lacks detectable 
hnRNP Al expression (Ben-David et al. 1992) can still support efficient 
MHV replication (Shen and Masters 2001). Because hnRNP A1 protein is 
involved in a variety of important cellular functions, it is conceivable that 
other cellular gene products may substitute for the function of hnRNP 
Al in both uninfected and virus-infected CB3 cells. Indeed, a number of 
CB3 cellular proteins comparable to hnRNP A1 in size were found to in- 
teract with the MHV negative-strand leader RNA. All of these proteins 
were identified to be hnRNP Al-related proteins, including hnRNP A/B, 
hnRNP A2/B1, and hnRNP A3 (Shi et al. 2003). These hnRNPs have pri- 
mary sequence structure, biochemical properties, and function similar to 
those of hnRNP Al (Dreyfuss et al. 1993; Ma et al. 2002; Mayeda et al. 
1994). They also have binding specificity and affinity similar to MHV 
RNA compared with hnRNP AI (Shi et al. 2003). One of these proteins, 
hnRNP A2/B1, can substitute for hnRNP A1 in regulating the splicing of 
cellular (Mayeda et al. 1994) and viral (Bilodeau et al. 2001; Caputi et al. 
1999) pre-mRNAs. Together, these multiple hnRNP Al-related proteins 
may perform similar functions in MHV replication. 


3.2 
PTB 


PTB, which is also known as hnRNP J, binds to the UC-rich RNA se- 
quences typically found near the 3’ end of introns. Similar to hnRNP Al, 
PTB shuttles between the nucleus and cytoplasm and plays a role in the 
regulation of alternative splicing of pre-mRNAs and translation of cellu- 
lar and viral RNAs (Kaminski et al. 1995; Svitkin et al. 1996; Valcarcel 
and Gebauer 1997). Studies of picornaviruses revealed that PTB plays a 
role in internal ribosome entry site (IRES)-mediated translation by 
mechanisms distinct from those governing the cap-dependent transla- 
tion of most eukaryotic mRNAs (Jackson and Kaminski 1995). PTB was 
found to be associated with the IRES elements of encephalomyocarditis 
virus and foot-and-mouth-disease virus and to stimulate translation ini- 
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tiated from these IRES elements (Kaminski et al. 1995; Niepmann 1996; 
Niepmann et al. 1997). 

UV cross-linking and immunoprecipitation studies using cellular ex- 
tracts and a recombinant PTB established that PTB binds specifically to 
the MHV positive-strand leader RNA (Fig. 2) (Li et al. 1999), which is 
required for MHV RNA synthesis (Kim et al. 1993; Liao and Lai 1994) 
and regulates translation (Tahara et al. 1994). The PTB-binding sites 
were mapped to the UCUAA pentanucleotide repeats within the leader 
RNA; deletion of these binding sites significantly inhibits RNA tran- 
scription (Li et al. 1999). Interestingly, PTB also interacts with the com- 
plementary strand of the 3’-UTR (c3’-UTR) (Fig. 2) (Huang and Lai 
1999). A strong PTB-binding site was mapped to nt 53-149, and another 
weak binding site was mapped to nt 270-307 on c3’-UTR. Partial substi- 
tutions of the PTB-binding nucleotides reduced PTB binding in vitro. 
Furthermore, DI RNAs harboring these mutations showed substantially 
reduced ability to synthesize subgenomic mRNA. Remarkably, the bind- 
ing of PTB to nt 53-149 caused a conformational change in the neigh- 
boring RNA region. Partial deletions within the PTB-binding sequence 
completely abolished the PTB-induced conformational change in the 
mutant RNA even when the RNA retained partial PTB-binding activity. 
Correspondingly, the MHV DI RNAs containing these deletions lost their 
ability to transcribe mRNAs. Thus, the conformational change in the 
c3’-UTR caused by PTB binding may play a role in mRNA transcription. 

It is interesting to note that hnRNP Al and PTB bind to the precisely 
complementary sites on the negative- and positive-stranded RNA, re- 
spectively, of the leader region of MHV RNA, and also the 5’- and 3’- 
ends of both the positive- and negative-strand RNAs (Fig. 2) (Huang 
and Lai 2001; Huang and Lai 1999; Li et al. 1997, 1999;). Furthermore, 
hnRNP A1 and PTB together mediate the formation of an RNP complex 
involving the 5’- and 3’ end fragments of MHV RNA in vitro (Huang and 
Lai 2001). The interaction between hnRNP Al and PTB have also been 
detected in a splicing complex in uninfected cells (Bothwell et al. 1991). 
All of these findings support the notion that hnRNP Al and PTB may be 
involved in the formation of a ribonucleoprotein complex, which func- 
tions in MHV RNA synthesis. 

Most coronavirus mRNAs are capped at the 5’ end and translated by a 
cap-dependent mechanism. The binding of PTB to the coronavirus lead- 
er RNA, which regulates MHV RNA translation (Tahara et al. 1994), sug- 
gests a possible role of PTB in coronavirus mRNA translation as well. 
Surprisingly, PTB was found to have no direct effect on the cap-depen- 
dent MHV RNA translation (Choi and Lai, unpublished data). It is, how- 
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ever, still possible that PTB may affect the IRES-mediated translation of 
coronavirus ORF 5b, which encodes the envelope (E) protein (Lai and 
Cavanagh 1997; Thiel and Siddell 1994). The ORF 5b IRES has been 
shown to serve as a binding site for cellular proteins (Jendrach et al. 
1999), although it is not known whether PTB is among these proteins. 


3.3 
PABP 


The 3'-UTRs of coronavirus RNA are necessary for the synthesis of neg- 
ative-strand viral RNA (Lin et al. 1994) and both genomic and subge- 
nomic positive-strand RNA synthesis (Kim et al. 1993; Lin and Lai 1993; 
Lin et al. 1996). They contain structures that are conserved among diver- 
gent coronaviruses (Hsue et al. 2000; Hsue and Masters 1997; Liu et al. 
2001). It is possible that these secondary structural elements serve as 
binding sites for cellular proteins and function in viral replication. In- 
deed, the mutations at the 3’ end of the viral genomic RNA that abol- 
ished the binding of cellular proteins also inhibited both negative-strand 
and positive-strand RNA synthesis, although the correlation between 
protein binding and RNA synthesis was not absolute (Liu et al. 1997; Yu 
and Leibowitz 1995a). 

A number of cellular proteins have been found to interact with multi- 
ple sites within the 3’ end of positive-strand MHV RNA (Huang and Lai 
2001; Liu et al. 1997; Spagnolo and Hogue 2000; Yu and Leibowitz 1995a, 
b). Several cellular proteins have also been shown to interact with the 
BCV 3’-UTR [287 nt plus poly(A) tail] (Huang and Lai 2001; Liu et al. 
1997; Spagnolo and Hogue 2000; Yu and Leibowitz 1995a, b). Competi- 
tion with the MHV 3’-UTR [301 nt plus poly(A) tail] suggests that the 
interactions are conserved for the two viruses (Huang and Lai 2001; Liu 
et al. 1997; Spagnolo and Hogue 2000; Yu and Leibowitz 1995a, b). Pro- 
teins with molecular masses of 99, 95, 73, 40-50, and 30 kDa were de- 
tected, among which the 73-kDa protein was identified to be poly(A)- 
binding protein (PABP) by immunoprecipitation experiments. PABP is 
known to interact specifically with poly(A), which is an important cis- 
acting signal for coronavirus RNA replication (Fig. 2) (Lin et al. 1994). 
RNAs with shortened poly(A) tails exhibited less in vitro PABP binding. 
Furthermore, binding of PABP to the 3’-UTR of the DI RNA replicons 
correlated with the ability of the DI RNA to replicate, suggesting that the 
interaction between PABP and the poly(A) tail may affect coronavirus 
RNA replication (Huang and Lai 2001; Liu et al. 1997; Spagnolo and 
Hogue 2000; Yu and Leibowitz 1995a, b). 
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PABP is a highly abundant cytoplasmic protein (Gorlach et al. 1994) 
that binds the 3’ poly(A) tail on eukaryotic mRNAs and helps promote 
both efficient translation initiation and mRNA stability. It interacts with 
the translation factor eukaryotic initiation factor (eIF) 4G (Imataka et al. 
1998; Le et al. 1997; Tarun and Sachs 1996; Tarun et al. 1997), which is 
part of the eIF4F triple complex that binds mRNA cap structures during 
translation, and PABP-interacting protein (PAIP-1), a protein with ho- 
mology to eIF-4G (Craig et al. 1998). This interaction, known as the 
closed-loop model of translation initiation, mediates the cross talk be- 
tween the 5’ and 3’ ends of mRNAs (Gallie 1998; Sachs et al. 1997). Be- 
cause coronavirus RNA is capped and polyadenylated like the host mR- 
NAs, PABP is likely involved in the translation of the coronavirus genome 
upon virus entry into the cell. Because translation is required for efficient 
coronavirus RNA replication, it is conceivable that PABP can indirectly 
modulate RNA synthesis through its effect on translation. It is also possi- 
ble that the PABP-poly(A) interaction may play a more direct role in co- 
ronavirus RNA replication in view of the apparent requirement for both 
the 5’ and 3’ ends, including the poly(A) tail, of the coronavirus genome 
for DI RNA replication and mRNA transcription (Kim et al. 1993; Lai 
1998; Liao and Lai 1994; Lin et al. 1994, 1996). Indeed, hnRNP Al and 
PTB together have been shown to mediate the interaction between the 5’ 
and 3’ ends of MHV RNA (Huang and Lai 2001). PABP may be another 
cellular factor that facilitates a similar interaction of the ends. 


3.4 
Mitochondrial Aconitase 


The 3’-most 42 nt of the MHV genomic RNA has been shown to interact 
with host factors and form at least three RNA-protein complexes (Nanda 
and Leibowitz 2001). Four proteins of approximately 90, 70, 58, and 
40 kDa were resolved from these complexes, and the 90-kDa protein was 
identified as mitochondrial aconitase (m-aconitase), which catalyzes ste- 
reospecific interconversion of citrate into isocitrate through a cis-aconi- 
tase intermediate in the Krebs cycle (Beinert and Kennedy 1993). UV 
cross-linking studies indicate that the highly purified m-aconitase binds 
specifically to the MHV 3’ protein-binding element despite the absence 
of a consensus RNA-binding domain (Fig. 2) (Burd and Dreyfuss 1994). 
Colocalization of m-aconitase with the MHV N protein was observed in 
virus-infected cells, suggesting a possible interaction of m-aconitase 
with the MHV replication complexes (Nanda and Leibowitz 2001). 
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A cytoplasmic homolog of m-aconitase, cytoplasmic aconitase (c-ac- 
onitase), also known as iron regulatory protein 1, is a well-recognized 
RNA-binding protein (Kennedy et al. 1992). The binding properties of 
m-aconitase and the functional relevance of RNA binding appear to par- 
allel those of c-aconitase. c-Aconitase is a bifunctional protein, which 
has been shown to interact with iron-responsive elements located in the 
5’-UTR of ferritin mRNA and the 3’-UTR of transferrin receptor (TfR) 
mRNA and to function to coordinate posttranscriptional regulation of 
cellular iron metabolism (Hentze and Kuhn 1996; Kuhn and Hentze 
1992). Similarly, m-aconitase can function as a posttranscriptional regu- 
lator as well (Beinert and Kennedy 1993; Klausner et al. 1993). A link be- 
tween cellular iron status and m-aconitase expression has also been es- 
tablished (Kim et al. 1996; Schalinske et al. 1998). Increasing the intra- 
cellular level of m-aconitase of MHV-infected cells by iron supplementa- 
tion resulted in increased RNA-binding activity of cell extracts and in- 
creased virus production as well as viral protein synthesis at early hours 
of infection (Nanda and Leibowitz 2001). It is possible that the binding 
of m-aconitase to the 3’-UTR increases the stability of the viral mRNAs 
and hence augments the translation of viral proteins, similar to the role 
of IRP in regulating TfR (Kuhn and Hentze 1992). 


3.5 
Other Cellular Proteins 


Accumulating evidence indicates the presence of additional cellular pro- 
teins that interact with coronavirus RNA. The 3’-UTRs of murine and 
bovine coronaviruses were reported to contain bulged stem-loop (Hsue 
et al. 2000; Hsue and Masters 1997) and pseudoknot (Williams et al. 
1995) structures, which are essential for viral replication. These motifs 
are potential binding sites for the proteins shown to interact with the 3’- 
UTR. Indeed, a number of cellular proteins have been shown to interact 
with different regions within the 3’-UTR of MHV (Liu et al. 1997; Nanda 
and Leibowitz 2001; Yu and Leibowitz 1995a, b). The 3’-most 42-nt se- 
quence interacts with at least four proteins 90, 70, 58, and 40 kDa in size, 
among which the 90-kDa protein was identified as m-aconitase (Nanda 
and Leibowitz 2001). A distinct host cellular protein-binding element 
was also mapped within a 26-nt sequence at positions 154-129 from the 
3’ end of the MHV-JHM genome (Liu et al. 1997). The resulting RNA- 
protein complex contains six host cellular proteins with one protein of 
120-kDa molecular mass, two poorly resolved species approximately 
55 kDa in size, a second pair of poorly resolved 40-kDa proteins, and a 
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minor component of 25 kDa. This region contains multiple stem-loop 
and hairpin-loop structures, which are shown by mutational analysis to 
be important for efficient MHV replication (Liu et al. 2001). In the study 
that identified PABP, several other proteins with molecular masses of 99, 
95, 40-50, and 30 kDa were also shown to interact with the 3’-UTRs of 
both BCV and MHV (Spagnolo and Hogue 2000). These cellular proteins 
have the potential to regulate viral RNA synthesis through their binding 
to the 3’ ends of the coronavirus genomes; however, their identities and 
functions remain to be determined. 


3.6 
Proposed Functions of Cellular Proteins 


The cis-acting signals for viral RNA replication or transcription often 
consist of multiple distant sequences on the viral RNA. In many cases, 
there appears to be a cross talk between the 5’ and 3’ ends of viral RNAs 
so that the 3’ end sequence often can regulate RNA synthesis or transla- 
tion initiated from the 5’ end of the RNA. The 5’- and 3’-UTRs of both 
positive- and negative-sense RNA and the IG sequences are thought to 
contain important sequence and structural elements that function in 
the initiation and regulation of RNA replication, transcription, and 
translation. The 3’ end of the MHV RNA has been shown to regulate 
mRNA synthesis starting from an upstream internal promoter (Lin et al. 
1996). The poly(A) tail is also involved in coronavirus RNA synthesis 
(Huang and Lai 2001; Liu et al. 1997; Spagnolo and Hogue 2000; Yu and 
Leibowitz 1995a, b). Furthermore, there is an apparent interaction be- 
tween the leader and IG sequences, which regulates the synthesis of co- 
ronavirus subgenomic mRNAs (Lai and Cavanagh 1997; Zhang et al. 
1994). When no sequence complementarity exists between the 5’ and 3’ 
ends, RNA-protein and protein-protein interactions must be involved. 
hnRNP Al and PTB have the ability to interact with each other, thus al- 
lowing different RNA regions to interact (Fig. 3A). By analogy to transla- 
tion regulation, the binding of PABP to the 3’ end of the coronavirus ge- 
nome may also facilitate the cross talk between the 3’ end and the other 
upstream cis-acting sequences. Furthermore, because most of the viral 
RdRps do not appear to bind directly to the cis-acting regulatory or pro- 
moter sequences on the RNA, their ability to initiate RNA synthesis at 
specific sites probably depends on their interactions with the cellular 
proteins that bind directly to the viral RNA template. These cellular pro- 
teins may serve as a platform on which other proteins, both viral and 
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Fig. 3A, B. Proposed functions of cellular proteins in coronavirus replication. A In- 
teractions between distant RNA elements are mediated by hnRNP Al, PTB, and 
PABP. B Formation of coronavirus replication/transcription complexes through the 
recruitment of additional viral and cellular proteins by hnRNP Al and PTB 


cellular, subsequently bind to form functional replication and transcrip- 
tion complexes (Fig. 3B). 

Together, cellular proteins play important roles in coronavirus repli- 
cation. Identification of these proteins and analysis of their functions in 
virus replication are critical to furthering our understanding of virus- 
host interactions and will provide clues to unveil the replication strate- 
gies of other positive-stranded RNA viruses. 


4 
Perspectives 


Although an increasing body of literature supports the importance of 
various viral and cellular proteins in coronavirus replication, our cur- 
rent understanding of the roles of these proteins is still limited. The 
availability of the reverse genetics approach for coronaviruses is expect- 
ed to greatly accelerate the understanding of coronavirus replication as 
well as the functional importance of viral and cellular factors in corona- 
virus replication. In addition, the growing knowledge of the properties 
of the individual protein products of the coronavirus ORF 1 should help 
in understanding the makeup of the replication machinery. The recent 
advances in gene knockout by RNA interference (RNAi) in mammalian 
cells will likely be a valuable tool in establishing the functional relevance 
of these cellular proteins. Nevertheless, the ultimate unraveling of the vi- 
ral and cellular proteins involved in coronavirus replication is expected 
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to come after the purification of coronavirus RdRp and the reconstitu- 
tion of virus replication in vitro. 


References 


Ahola T, den Boon JA, Ahlquist P (2000) Helicase and capping enzyme active site 
mutations in brome mosaic virus protein la cause defects in template recruit- 
ment, negative-strand RNA synthesis, and viral RNA capping. J Virol 74:8803- 
8811 

Baker SC, Lai MM (1990) An in vitro system for the leader-primed transcription of 
coronavirus mRNAs. EMBO J 9:4173-4179 

Baker SC, Shieh CK, Soe LH, Chang MF, Vannier DM, Lai MM (1989) Identification 
of a domain required for autoproteolytic cleavage of murine coronavirus gene A 
polyprotein. J Virol 63:3693-3699 

Baker SC, Yokomori K, Dong S, Carlisle R, Gorbalenya AE, Koonin EV, Lai MM 
(1993) Identification of the catalytic sites of a papain-like cysteine proteinase of 
murine coronavirus. J Virol 67:6056-6063 

Baker TA, Bell SP (1998) Polymerases and the replisome: machines within machines. 
Cell 92:295-305 

Baric RS, Fu K, Schaad MC, Stohlman SA (1990a) Establishing a genetic recombina- 
tion map for murine coronavirus strain A59 complementation groups. Virology 
177:646-656 

Baric RS, Nelson GW, Fleming JO, Deans RJ, Keck JG, Casteel N, Stohlman SA (1988) 
Interactions between coronavirus nucleocapsid protein and viral RNAs: implica- 
tions for viral transcription. J Virol 62:4280-4287 

Baric RS, Schaad MC, Wei T, Fu KS, Lum K, Shieh C, Stohlman SA (1990b) Murine 
coronavirus temperature sensitive mutants. Adv Exp Med Biol 276:349-356 

Behrens SE, Tomei L, De Francesco R (1996) Identification and properties of the 
RNA-dependent RNA polymerase of hepatitis C virus. EMBO J 15:12-22 

Beinert H, Kennedy MC (1993) Aconitase, a two-faced protein: enzyme and iron reg- 
ulatory factor. FASEB J 7:1442-1449 

Ben-David Y, Bani MR, Chabot B, De Koven A, Bernstein A (1992) Retroviral inser- 
tions downstream of the heterogeneous nuclear ribonucleoprotein Al gene in 
erythroleukemia cells: evidence that Al is not essential for cell growth. Mol Cell 
Biol 12:4449-4455 

Bienz K, Egger D, Pfister T (1994) Characteristics of the poliovirus replication com- 
plex. Arch Virol Suppl 9:147-157 

Bilodeau PS, Domsic JK, Mayeda A, Krainer AR, Stoltzfus CM (2001) RNA splicing 
at human immunodeficiency virus type 1 3’ splice site A2 is regulated by binding 
of hnRNP A/B proteins to an exonic splicing silencer element. J Virol 75:8487- 
8497 

Black AC, Luo J, Chun S, Bakker A, Fraser JK, Rosenblatt JD (1996) Specific binding 
of polypyrimidine tract binding protein and hnRNP Al to HIV-1 CRS elements. 
Virus Genes 12:275-285 


120 S.T. Shi - M.M.C. Lai 


Black AC, Luo J, Watanabe C, Chun S, Bakker A, Fraser JK, Morgan JP, Rosenblatt JD 
(1995) Polypyrimidine tract-binding protein and heterogeneous nuclear ribonu- 
cleoprotein Al bind to human T-cell leukemia virus type 2 RNA regulatory ele- 
ments. J Virol 69:6852-6858 

Blackwell JL, Brinton MA (1997) Translation elongation factor-1 alpha interacts with 
the 3’ stem-loop region of West Nile virus genomic RNA. J Virol 71:6433-6444 

Blumenthal T, Carmichael GG (1979) RNA replication: function and structure of 
Qbeta-replicase. Annu Rev Biochem 48:525-548 

Bonilla PJ, Gorbalenya AE, Weiss SR (1994) Mouse hepatitis virus strain A59 RNA 
polymerase gene ORF la: heterogeneity among MHV strains. Virology 198:736- 
740 

Bonilla PJ, Hughes SA, Pinon JD, Weiss SR (1995) Characterization of the leader pa- 
pain-like proteinase of MHV-A59: identification of a new in vitro cleavage site. 
Virology 209:489-497 

Bonilla PJ, Hughes SA, Weiss SR (1997) Characterization of a second cleavage site 
and demonstration of activity in trans by the papain-like proteinase of the mu- 
rine coronavirus mouse hepatitis virus strain A59. J Virol 71:900-909 

Bost AG, Carnahan RH, Lu XT, Denison MR (2000) Four proteins processed from 
the replicase gene polyprotein of mouse hepatitis virus colocalize in the cell pe- 
riphery and adjacent to sites of virion assembly. J Virol 74:3379-3387 

Bost AG, Prentice E, Denison MR (2001) Mouse hepatitis virus replicase protein 
complexes are translocated to sites of M protein accumulation in the ERGIC at 
late times of infection. Virology 285:21-29 

Bothwell AL, Ballard DW, Philbrick WM, Lindwall G, Maher SE, Bridgett MM, Jami- 
son SF, Garcia-Blanco MA (1991) Murine polypyrimidine tract binding protein. 
Purification, cloning, and mapping of the RNA binding domain. J Biol Chem 
266:24657-24663 

Brayton PR, Lai MM, Patton CD, Stohlman SA (1982) Characterization of two RNA 
polymerase activities induced by mouse hepatitis virus. J Virol 42:847-853 

Brayton PR, Stohlman SA, Lai MM (1984) Further characterization of mouse hepati- 
tis virus RNA-dependent RNA polymerases. Virology 133:197-201 

Bredenbeek PJ, Pachuk CJ, Noten AF, Charite J, Luytjes W, Weiss SR, Spaan WJ 
(1990) The primary structure and expression of the second open reading frame 
of the polymerase gene of the coronavirus MHV-A59; a highly conserved poly- 
merase is expressed by an efficient ribosomal frameshifting mechanism. Nucleic 
Acids Res 18:1825-1832 

Brierley I, Boursnell ME, Binns MM, Bilimoria B, Blok VC, Brown TD, Inglis SC 
(1987) An efficient ribosomal frame-shifting signal in the polymerase-encoding 
region of the coronavirus IBV. EMBO J 6:3779-3785 

Buck KW (1996) Comparison of the replication of positive-stranded RNA viruses of 
plants and animals. Adv Virus Res 47:159-251 

Burd CG, Dreyfuss G (1994) Conserved structures and diversity of functions of 
RNA-binding proteins. Science 265:615-621 

Caputi M, Mayeda A, Krainer AR, Zahler AM (1999) hnRNP A/B proteins are re- 
quired for inhibition of HIV-1 pre-mRNA splicing. EMBO J 18:4060-4067 

Caputi M, Zahler AM (2002) SR proteins and hnRNP H regulate the splicing of the 
HIV-1 tev-specific exon 6D. EMBO J 21:845-855 


Viral and Cellular Proteins Involved in Coronavirus Replication 121 


Chambers TJ, Hahn CS, Galler R, Rice CM (1990) Flavivirus genome organization, 
expression, and replication. Annu Rev Microbiol 44:649-688 

Chang RY, Brian DA (1996) cis Requirement for N-specific protein sequence in bo- 
vine coronavirus defective interfering RNA replication. J Virol 70:2201-2207 

Chang RY, Hofmann MA, Sethna PB, Brian DA (1994) A cis-acting function for the 
coronavirus leader in defective interfering RNA replication. J Virol 68:8223-8231 

Chung RT, Kaplan LM (1999) Heterogeneous nuclear ribonucleoprotein I (hnRNP-I/ 
PTB) selectively binds the conserved 3’ terminus of hepatitis C viral RNA. Bio- 
chem Biophys Res Commun 254:351-362 

Cologna R, Spagnolo JF, Hogue BG (2000) Identification of nucleocapsid binding 
sites within coronavirus-defective genomes. Virology 277:235-249 

Compton SR, Rogers DB, Holmes KV, Fertsch D, Remenick J, McGowan JJ (1987) In 
vitro replication of mouse hepatitis virus strain A59. J Virol 61:1814-1820 

Craig AW, Haghighat A, Yu AT, Sonenberg N (1998) Interaction of polyadenylate- 
binding protein with the eI[F4G homologue PAIP enhances translation. Nature 
392:520-523 

Das T, Mathur M, Gupta AK, Janssen GM, Banerjee AK (1998) RNA polymerase of 
vesicular stomatitis virus specifically associates with translation elongation fac- 
tor-lafy for its activity. Proc Natl Acad Sci USA 95:1449-1454 

De BP, Lesoon A, Banerjee AK (1991) Human parainfluenza virus type 3 transcrip- 
tion in vitro: role of cellular actin in mRNA synthesis. J Virol 65:3268-3275 

de la Cruz J, Kressler D, Linder P (1999) Unwinding RNA in Saccharomyces cerevisi- 
ae: DEAD-box proteins and related families. Trends Biochem Sci 24:192-198 

Denison M, Perlman S (1987) Identification of putative polymerase gene product in 
cells infected with murine coronavirus A59. Virology 157:565-568 

Denison MR, Hughes SA, Weiss SR (1995a) Identification and characterization of a 
65-kDa protein processed from the gene 1 polyprotein of the murine coronavirus 
MHV-AS9. Virology 207:316-320 

Denison MR, Kim JC, Ross T (1995b) Inhibition of coronavirus MHV-A59 replica- 
tion by proteinase inhibitors. Adv Exp Med Biol 380:391-397 

Denison MR, Spaan WJ, van der Meer Y, Gibson CA, Sims AC, Prentice E, Lu XT 
(1999) The putative helicase of the coronavirus mouse hepatitis virus is pro- 
cessed from the replicase gene polyprotein and localizes in complexes that are 
active in viral RNA synthesis. J Virol 73:6862-6871 

Denison MR, Zoltick PW, Hughes SA, Giangreco B, Olson AL, Perlman S, Leibowitz 
JL, Weiss SR (1992) Intracellular processing of the N-terminal ORF la proteins 
of the coronavirus MHV-A59 requires multiple proteolytic events. Virology 
189:274-284 

Dennis DE, Brian DA (1982) RNA-dependent RNA polymerase activity in coronavi- 
rus-infected cells. J Virol 42:153-164 

Diez J, Ishikawa M, Kaido M, Ahlquist P (2000) Identification and characterization 
of a host protein required for efficient template selection in viral RNA replica- 
tion. Proc Natl Acad Sci USA 97:3913-3918 

Dong S, Baker SC (1994) Determinants of the p28 cleavage site recognized by the 
first papain-like cysteine proteinase of murine coronavirus. Virology 204:541- 
549 


122 S.T. Shi - M.M.C. Lai 


Dreyfuss G, Matunis MJ, Pinol-Roma S, Burd CG (1993) hnRNP proteins and the 
biogenesis of mRNA. Annu Rev Biochem 62:289-321 

Froshauer S, Kartenbeck J, Helenius A (1988) Alphavirus RNA replicase is located 
on the cytoplasmic surface of endosomes and lysosomes. J Cell Biol 107:2075- 
2086 

Fu K, Baric RS (1994) Map locations of mouse hepatitis virus temperature-sensitive 
mutants: confirmation of variable rates of recombination. J Virol 68:7458-7466 

Furuya T, Lai MMC (1993) Three different cellular proteins bind to complementary 
sites on the 5’-end-positive and 3’ end-negative strands of mouse hepatitis virus 
RNA. J Virol 67:7215-7222 

Gallie DR (1998) A tale of two termini: a functional interaction between the termini 
of an mRNA is a prerequisite for efficient translation initiation. Gene 216:1-11 

Gamarnik AV, Andino R (1997) Two functional complexes formed by KH domain 
containing proteins with the 5’ noncoding region of poliovirus RNA. RNA 3:882- 
892 

Gamarnik AV, Andino R (1998) Switch from translation to RNA replication in a pos- 
itive-stranded RNA virus. Genes Dev 12:2293-2304 

Gao HQ, Schiller JJ, Baker SC (1996) Identification of the polymerase polyprotein 
products p72 and p65 of the murine coronavirus MHV-JHM. Virus Res 45:101- 
109 

Gontarek RR, Gutshall LL, Herold KM, Tsai J, Sathe GM, Mao J, Prescott C, Del 
Vecchio AM (1999) hnRNP C and polypyrimidine tract-binding protein specifi- 
cally interact with the pyrimidine-rich region within the 3’NTR of the HCV RNA 
genome. Nucleic Acids Res 27:1457-1463 

Gorbalenya AE, Blinov VM, Donchenko AP, Koonin EV (1989a) An NTP-binding 
motif is the most conserved sequence in a highly diverged monophyletic group 
of proteins involved in positive strand RNA viral replication. J Mol Evol 28:256- 
268 

Gorbalenya AE, Koonin EV (1989) Viral proteins containing the purine NTP-binding 
sequence pattern. Nucleic Acids Res 17:8413-8440 

Gorbalenya AE, Koonin EV (1993) Helicases: amino acid comparisons and struc- 
ture-function relationships. Curr Opin Struct Biol 3:419-429 

Gorbalenya AE, Koonin EV, Donchenko AP, Blinov VM (1988) A novel superfamily 
of nucleoside triphosphate-binding motif containing proteins which are proba- 
bly involved in duplex unwinding in DNA and RNA replication and recombina- 
tion. FEBS Lett 235:16-24 

Gorbalenya AE, Koonin EV, Donchenko AP, Blinov VM (1989b) Coronavirus ge- 
nome: prediction of putative functional domains in the non-structural polypro- 
tein by comparative amino acid sequence analysis. Nucleic Acids Res 17:4847- 
4861 

Gorbalenya AE, Koonin EV, Lai MM (1991) Putative papain-related thiol proteases of 
positive-strand RNA viruses. Identification of rubi- and aphthovirus proteases 
and delineation of a novel conserved domain associated with proteases of rubi-, 
alpha- and coronaviruses. FEBS Lett 288:201-205 

Gorlach M, Burd CG, Dreyfuss G (1994) The mRNA poly(A)-binding protein: local- 
ization, abundance, and RNA-binding specificity. Exp Cell Res 211:400-407 


Viral and Cellular Proteins Involved in Coronavirus Replication 123 


Grotzinger C, Heusipp G, Ziebuhr J, Harms U, Suss J, Siddell SG (1996) Characteri- 
zation of a 105-kDa polypeptide encoded in gene 1 of the human coronavirus 
HCV 229E. Virology 222:227-235 

Gutierrez-Escolano AL, Brito ZU, del Angel RM, Jiang X (2000) Interaction of cellu- 
lar proteins with the 5’ end of Norwalk virus genomic RNA. J Virol 74:8558-8562 

Hahm B, Kim YK, Kim JH, Kim TY, Jang SK (1998) Heterogeneous nuclear ribonu- 
cleoprotein L interacts with the 3’ border of the internal ribosomal entry site of 
hepatitis C virus. J Virol 72:8782-8788 

Hamilton BJ, Burns CM, Nichols RC, Rigby WFC (1997) Modulation of AUUUA re- 
sponse element binding by heterogeneous nuclear ribonucleoprotein Al in hu- 
man T lymphocytes. The roles of cytoplasmic location, transcription, and phos- 
phorylation. J Biol Chem 272:28732-28741 

Hamilton BJ, Nagy E, Malter JS, Arrick BA, Rigby WFC (1993) Association of hetero- 
geneous nuclear ribonucleoprotein Al and C proteins with reiterated AUUUA se- 
quences. J Biol Chem 268:8881-8887 

Harris KS, Xiang W, Alexander L, Lane WS, Paul AV, Wimmer E (1994) Interaction 
of poliovirus polypeptide 3CDpro with the 5’ and 3’ termini of the poliovirus ge- 
nome. Identification of viral and cellular cofactors needed for efficient binding. 
J Biol Chem 269:27004-27014 

Hellen CU, Pestova TV, Litterst M, Wimmer E (1994) The cellular polypeptide p57 
(pyrimidine tract-binding protein) binds to multiple sites in the poliovirus 5’ 
nontranslated region. J Virol 68:941-950 

Henics T, Sanfridson A, Hamilton BJ, Nagy E, Rigby WFC (1994) Enhanced stability 
of interleukin-2 mRNA in MLA 144 cells. Possible role of cytoplasmic AU-rich 
sequence-binding proteins. J Biol Chem 269:5377-5383 

Hentze MW, Kuhn LC (1996) Molecular control of vertebrate iron metabolism: 
mRNA-based regulatory circuits operated by iron, nitric oxide, and oxidative 
stress. Proc Natl Acad Sci USA 93:8175-8182 

Herold J, Gorbalenya AE, Thiel V, Schelle B, Siddell SG (1998) Proteolytic processing 
at the amino terminus of human coronavirus 229E gene l1-encoded polyproteins: 
identification of a papain-like proteinase and its substrate. J Virol 72:910-918 

Herold J, Siddell SG (1993) An ‘elaborated’ pseudoknot is required for high frequen- 
cy frameshifting during translation of HCV 229E polymerase mRNA. Nucleic Ac- 
ids Res 21:5838-5842 

Herold J, Siddell SG, Gorbalenya AE (1999) A human RNA viral cysteine proteinase 
that depends upon a unique Zn**-binding finger connecting the two domains of 
a papain-like fold. J Biol Chem 274:14918-14925 

Hong Y, Hunt AG (1996) RNA polymerase activity catalyzed by a potyvirus-encoded 
RNA-dependent RNA polymerase. Virology 226:146-151 

Hsue B, Hartshorne T, Masters PS (2000) Characterization of an essential RNA sec- 
ondary structure in the 3’ untranslated region of the murine coronavirus ge- 
nome. J Virol 74:6911-6921 

Hsue B, Masters PS (1997) A bulged stem-loop structure in the 3’ untranslated re- 
gion of the genome of the coronavirus mouse hepatitis virus is essential for rep- 
lication. J Virol 71:7567-7578 


124 S.T. Shi - M.M.C. Lai 


Huang P, Lai MM (2001) Heterogeneous nuclear ribonucleoprotein al binds to the 
3’-untranslated region and mediates potential 5’-3’ end cross talks of mouse hep- 
atitis virus RNA. J Virol 75:5009-5017 

Huang P, Lai MMC (1999) Polypyrimidine tract-binding protein binds to the com- 
plementary strand of the mouse hepatitis virus 3’ untranslated region, thereby 
altering RNA conformation. J Virol 73:9110-9116 

Huang YT, Romito RR, De BP, Banerjee AK (1993) Characterization of the in vitro 
system for the synthesis of mRNA from human respiratory syncytial virus. Vi- 
rology 193:862-867 

Hughes SA, Bonilla PJ, Weiss SR (1995) Identification of the murine coronavirus p28 
cleavage site. J Virol 69:809-813 

Imataka H, Gradi A, Sonenberg N (1998) A newly identified N-terminal amino acid 
sequence of human eIF4G binds poly(A)-binding protein and functions in 
poly(A)-dependent translation. EMBO J 17:7480-7489 

Ito T, Lai MMC (1997) Determination of the secondary structure of and cellular pro- 
tein binding to the 3’-untranslated region of the hepatitis C virus RNA genome. 
J Virol 71:8698-8706 

Jackson RJ, Kaminski A (1995) Internal initiation of translation in eukaryotes: the 
picornavirus paradigm and beyond. RNA 1:985-1000 

Jankowsky E, Gross CH, Shuman S, Pyle AM (2000) The DExH protein NPH-II is a 
processive and directional motor for unwinding RNA. Nature 403:447-451 

Jendrach M, Thiel V, Siddell S (1999) Characterization of an internal ribosome entry 
site within mRNA 5 of murine hepatitis virus. Arch Virol 144:921-933 

Joshi RL, Ravel JM, Haenni AL (1986) Interaction of turnip yellow mosaic virus Val- 
RNA with eukaryotic elongation factor EF-la. Search for a function. EMBO J 
9:1143-1148 

Kadare G, Haenni AL (1997) Virus-encoded RNA helicases. J Virol 71:2583-2590 

Kaminski A, Hunt SL, Patton JG, Jackson RJ (1995) Direct evidence that polypyrimi- 
dine tract binding protein (PTB) is essential for internal initiation of translation 
of encephalomyocarditis virus RNA. RNA 1:924-938 

Kanjanahaluethai A, Baker SC (2000) Identification of mouse hepatitis virus papain- 
like proteinase 2 activity. J Virol 74:7911-7921 

Kennedy MC, Mende-Mueller L, Blondin GA, Beinert H (1992) Purification and char- 
acterization of cytosolic aconitase from beef liver and its relationship to the 
iron-responsive element binding protein. Proc Natl Acad Sci USA 89:11730- 
11734 

Kim HY, LaVaute T, Iwai K, Klausner RD, Rouault TA (1996) Identification of a con- 
served and functional iron-responsive element in the 5’-untranslated region of 
mammalian mitochondrial aconitase. J Biol Chem 271:24226-24230 

Kim JC, Spence RA, Currier PF, Lu X, Denison MR (1995) Coronavirus protein pro- 
cessing and RNA synthesis is inhibited by the cysteine proteinase inhibitor 
E64d. Virology 208:1-8 

Kim KH, Makino S (1995a) Two murine coronavirus genes suffice for viral RNA syn- 
thesis. J Virol 69:2313-2321 

Kim YN, Jeong YS, Makino S (1993) Analysis of cis-acting sequences essential for co- 
ronavirus defective interfering RNA replication. Virology 197:53-63 


Viral and Cellular Proteins Involved in Coronavirus Replication 125 


Kim YN, Makino S (1995b) Characterization of a murine coronavirus defective inter- 
fering RNA internal cis-acting replication signal. J Virol 69:4963-4971 

Klausner RD, Rouault TA, Harford JB (1993) Regulating the fate of mRNA: the con- 
trol of cellular iron metabolism. Cell 72:19-28 

Koolen MJ, Osterhaus AD, Van Steenis G, Horzinek MC, Van der Zeijst BA (1983) 
Temperature-sensitive mutants of mouse hepatitis virus strain A59: isolation, 
characterization and neuropathogenic properties. Virology 125:393-402 

Koonin EV, Dolja VV (1993) Evolution and taxonomy of positive-strand RNA virus- 
es: implications of comparative analysis of amino acid sequences. Crit Rev Bio- 
chem Mol Biol 28:375-430 

Kuhn LC, Hentze MW (1992) Coordination of cellular iron metabolism by post-tran- 
scriptional gene regulation. J Inorg Biochem 47:183-195 

Lai MMC (1998) Cellular factors in the transcription and replication of viral RNA 
genomes: a parallel to DNA-dependent RNA transcription. Virology 244:1-12 

Lai MMC, Cavanagh D (1997) The molecular biology of coronaviruses. Adv Virus 
Res 48:1-100 

Landers TA, Blumenthal T, Weber K (1974) Function and structure in ribonucleic 
acid phage Q beta ribonucleic acid replicase. The roles of the different subunits 
in transcription of synthetic templates. J Biol Chem 249:5801-5808 

Le H, Tanguay RL, Balasta ML, Wei CC, Browning KS, Metz AM, Goss DJ, Gallie DR 
(1997) Translation initiation factors eIF-iso4G and elIF-4B interact with the 
poly(A)-binding protein and increase its RNA binding activity. J Biol Chem 
272:16247-16255 

Lee HJ, Shieh CK, Gorbalenya AE, Koonin EV, La Monica N, Tuler J, Bagdzhadzhyan 
A, Lai MM (1991) The complete sequence (22 kilobases) of murine coronavirus 
gene 1 encoding the putative proteases and RNA polymerase. Virology 180:567- 
382 

Leibowitz JL, DeVries JR (1988) Synthesis of virus-specific RNA in permeabilized 
murine coronavirus-infected cells. Virology 166:66-75 

Leibowitz JL, DeVries JR, Haspel MV (1982) Genetic analysis of murine hepatitis vi- 
rus strain JHM. J Virol 42:1080-1087 

Li HP, Huang P, Park S, Lai MMC (1999) Polypyrimidine tract-binding protein binds 
to the leader RNA of mouse hepatitis virus and serves as a regulator of viral tran- 
scription. J Virol 73:772-777 

Li HP, Zhang X, Duncan R, Comai L, Lai MMC (1997) Heterogeneous nuclear ribo- 
nucleoprotein Al binds to the transcription-regulatory region of mouse hepatitis 
virus RNA. Proc Natl Acad Sci USA 94:9544-9549 

Liao CL, Lai MMC (1994) Requirement of the 5’ end genomic sequence as an 
upstream cis-acting element for coronavirus subgenomic mRNA transcription. 
J Virol 68:4727-4737 

Lim KP, Liu DX (1998) Characterization of the two overlapping papain-like protein- 
ase domains encoded in gene 1 of the coronavirus infectious bronchitis virus 
and determination of the C-terminal cleavage site of an 87-kDa protein. Virology 
245:303-312 

Lim KP, Ng LF, Liu DX (2000) Identification of a novel cleavage activity of the first 
papain-like proteinase domain encoded by open reading frame 1a of the corona- 


126 S.T. Shi - M.M.C. Lai 


virus avian infectious bronchitis virus and characterization of the cleavage prod- 
ucts. J Virol 74:1674-1685 

Lin YJ, Lai MM (1993) Deletion mapping of a mouse hepatitis virus defective inter- 
fering RNA reveals the requirement of an internal and discontiguous sequence 
for replication. J Virol 67:6110-6118 

Lin YJ, Liao CL, Lai MM (1994) Identification of the cis-acting signal for minus- 
strand RNA synthesis of a murine coronavirus: implications for the role of mi- 
nus-strand RNA in RNA replication and transcription. J Virol 68:8131-8140 

Lin YJ, Zhang X, Wu RC, Lai MMC (1996) The 3’ untranslated region of coronavirus 
RNA is required for subgenomic mRNA transcription from a defective interfer- 
ing RNA. J Virol 70:7236-7240 

Linder P, Daugeron MC (2000) Are DEAD-box proteins becoming respectable heli- 
cases? Nat Struct Biol 7:97-99 

Liu DX, Brierley I, Tibbles KW, Brown TD (1994) A 100-kilodalton polypeptide en- 
coded by open reading frame (ORF) 1b of the coronavirus infectious bronchitis 
virus is processed by ORF la products. J Virol 68:5772-5780 

Liu DX, Brown TD (1995) Characterisation and mutational analysis of an ORF la- 
encoding proteinase domain responsible for proteolytic processing of the infec- 
tious bronchitis virus la/1b polyprotein. Virology 209:420-427 

Liu DX, Shen S, Xu HY, Wang SF (1998) Proteolytic mapping of the coronavirus in- 
fectious bronchitis virus 1b polyprotein: evidence for the presence of four cleav- 
age sites of the 3C-like proteinase and identification of two novel cleavage prod- 
ucts. Virology 246:288-297 

Liu Q, Johnson RF, Leibowitz JL (2001) Secondary structural elements within the 3’ 
untranslated region of mouse hepatitis virus strain JHM genomic RNA. J Virol 
795:12105-12113 

Liu Q, Yu W, Leibowitz JL (1997) A specific host cellular protein binding element 
near the 3’ end of mouse hepatitis virus genomic RNA. Virology 232:74-85 

Lohman TM, Bjornson KP (1996) Mechanisms of helicase-catalyzed DNA unwind- 
ing. Annu Rev Biochem 65:169-214 

Lohmann V, Korner F, Herian U, Bartenschlager R (1997) Biochemical properties of 
hepatitis C virus NS5B RNA-dependent RNA polymerase and identification of 
amino acid sequence motifs essential for enzymatic activity. J Virol 71:8416- 
8428 

Lu X, Lu Y, Denison MR (1996) Intracellular and in vitro-translated 27-kDa proteins 
contain the 3C-like proteinase activity of the coronavirus MHV-A59. Virology 
222:9/9-382 

Lu XT, Sims AC, Denison MR (1998) Mouse hepatitis virus 3C-like protease cleaves a 
22-kilodalton protein from the open reading frame la polyprotein in virus-in- 
fected cells and in vitro. J Virol 72:2265-2271 

Lu Y, Denison MR (1997) Determinants of mouse hepatitis virus 3C-like proteinase 
activity. Virology 230:335-342 

Lu Y, Lu X, Denison MR (1995) Identification and characterization of a serine-like 
proteinase of the murine coronavirus MHV-A59. J Virol 69:3554-3559 

Luytjes W, Bredenbeek PJ, Noten AF, Horzinek MC, Spaan WJ (1988) Sequence of 
mouse hepatitis virus A59 mRNA 2: indications for RNA recombination between 
coronaviruses and influenza C virus. Virology 166:415-422 


Viral and Cellular Proteins Involved in Coronavirus Replication 127 


Ma AS, Moran-Jones K, Shan J, Munro TP, Snee MJ, Hoek KS, Smith R (2002) hnRNP 
A3, a novel RNA trafficking response element binding protein. J Biol Chem 8:8 
Mahy BW, Siddell S, Wege H, ter Meulen V (1983) RNA-dependent RNA polymerase 
activity in murine coronavirus-infected cells. J Gen Virol 64:103-111 

Makino S, Joo M, Makino JK (1991) A system for study of coronavirus mRNA syn- 
thesis: a regulated, expressed subgenomic defective interfering RNA results from 
intergenic site insertion. J Virol 65:6031-6041 

Martin JP, Koehren F, Rannou JJ, Kirn A (1988) Temperature-sensitive mutants of 
mouse hepatitis virus type 3 (MHV-3): isolation, biochemical and genetic char- 
acterization. Arch Virol 100:147-160 

Mayeda A, Munroe SH, Caceres JF, Krainer AR (1994) Function of conserved do- 
mains of hnRNP Al and other hnRNP A/B proteins. EMBO J 13:5483-5495 

Meerovitch K, Svitkin YV, Lee HS, Lejbkowicz F, Kenan DJ, Chan EK, Agol VI, Keene 
JD, Sonenberg N (1993) La autoantigen enhances and corrects aberrant transla- 
tion of poliovirus RNA in reticulocyte lysate. J Virol 67:3798-3807 

Michael WM, Siomi H, Choi M, Pinol-Roma S, Nakielny S, Liu Q, Dreyfuss G (1995) 
Signal sequences that target nuclear import and nuclear export of pre-mRNA- 
binding proteins. Cold Spring Harb Symp Quant Biol 60:663-668 

Miller DJ, Schwartz MD, Ahlquist P (2001) Flock house virus RNA replicates on out- 
er mitochondrial membranes in Drosophila cells. J Virol 75:11664-11676 

Molenkamp R, van Tol H, Rozier BC, van der Meer Y, Spaan WJ, Snijder EJ (2000) 
The arterivirus replicase is the only viral protein required for genome replication 
and subgenomic mRNA transcription. J Gen Virol 81:2491-2496 

Moyer SA, Baker SC, Horikami SM (1990) Host cell proteins required for measles vi- 
rus reproduction. J Gen Virol 71:775-783 

Moyer SA, Baker SC, Lessard JL (1986) Tubulin: a factor necessary for the synthesis 
of both Sendai virus and vesicular stomatitis virus RNAs. Proc Natl Acad Sci 
USA 83:5405-5409 

Nanda SK, Leibowitz JL (2001) Mitochondrial aconitase binds to the 3’ untranslated 
region of the mouse hepatitis virus genome. J Virol 75:3352-3362 

Nelson GW, Stohlman SA, Tahara SM (2000) High affinity interaction between nucle- 
ocapsid protein and leader/intergenic sequence of mouse hepatitis virus RNA. 
J Gen Virol 81:181-188 

Neufeld KL, Richards OC, Ehrenfeld E (1991) Purification, characterization, and 
comparison of poliovirus RNA polymerase from native and recombinant 
sources. J Biol Chem 266:24212-24219 

Niepmann M (1996) Porcine polypyrimidine tract-binding protein stimulates trans- 
lation initiation at the internal ribosome entry site of foot-and-mouth-disease vi- 
rus. FEBS Lett 388:39-42 

Niepmann M, Petersen A, Meyer K, Beck E (1997) Functional involvement of 
polypyrimidine tract-binding protein in translation initiation complexes with 
the internal ribosome entry site of foot-and-mouth disease virus. J Virol 
7 1:8330-8339 

Oglesbee MJ, Liu Z, Kenney H, Brooks CL (1996) The highly inducible member of 
the 70 kDa family of heat shock proteins increases canine distemper virus poly- 
merase activity. J Gen Virol 77:2125-2135 


128 S.T. Shi - M.M.C. Lai 


Osman TA, Buck KW (1997) The tobacco mosaic virus RNA polymerase complex 
contains a plant protein related to the RNA-binding subunit of yeast eIF-3. J Vi- 
rol 71:6075-6082 

Pardigon N, Strauss JH (1996) Mosquito homolog of the La autoantigen binds to 
Sindbis virus RNA. J Virol 70:1173-1181 

Parsley TB, Towner JS, Blyn LB, Ehrenfeld E, Semler BL (1997) Poly (rC) binding 
protein 2 forms a ternary complex with the 5’-terminal sequences of poliovirus 
RNA and the viral 3CD proteinase. RNA 3:1124-1134 

Perlman S, Ries D, Bolger E, Chang LJ, Stoltzfus CM (1986) MHV nucleocapsid syn- 
thesis in the presence of cycloheximide and accumulation of negative strand 
MHV RNA. Virus Res 6:261-272 

Pinol-Roma S, Dreyfuss G (1992) Shuttling of pre-mRNA binding proteins between 
nucleus and cytoplasm. Nature 355:730-732 

Pinon JD, Mayreddy RR, Turner JD, Khan FS, Bonilla PJ, Weiss SR (1997) Efficient 
autoproteolytic processing of the MHV-A59 3C-like proteinase from the flanking 
hydrophobic domains requires membranes. Virology 230:309-322 

Pinon JD, Teng H, Weiss SR (1999) Further requirements for cleavage by the murine 
coronavirus 3C-like proteinase: identification of a cleavage site within ORF1b. 
Virology 263:47 1-484 

Pogue GP, Huntley CC, Hall TC (1994) Common replication strategies emerging from 
the study of diverse groups of positive-strand RNA viruses. Arch Virol Suppl 
9:181-194 

Quadt R, Kao CC, Browning KS, Hershberger RP, Ahlquist P (1993) Characterization 
of a host protein associated with brome mosaic virus RNA-dependent RNA poly- 
merase. Proc Natl Acad Sci USA 90:1498-1502 

Robb JA, Bond CW (1979) Pathogenic murine coronaviruses. I. Characterization of 
biological behavior in vitro and virus-specific intracellular RNA of strongly neu- 
rotropic JHMV and weakly neurotropic A59V viruses. Virology 94:352-370 

Rothstein MA, Richards OC, Amin C, Ehrenfeld E (1988) Enzymatic activity of po- 
liovirus RNA polymerase synthesized in Escherichia coli from viral cDNA. Virol- 
ogy 164:301-308 

Sachs AB, Sarnow P, Hentze MW (1997) Starting at the beginning, middle, and end: 
translation initiation in eukaryotes. Cell 89:831-838 

Sawicki SG, Sawicki DL (1986) Coronavirus minus-strand RNA synthesis and effect 
of cycloheximide on coronavirus RNA synthesis. J Virol 57:328-334 

Schaad MC, Stohlman SA, Egbert J, Lum K, Fu K, Wei T, Jr., Baric RS (1990) Genetics 
of mouse hepatitis virus transcription: identification of cistrons which may func- 
tion in positive and negative strand RNA synthesis. Virology 177:634-645 

Schalinske KL, Chen OS, Eisenstein RS (1998) Iron differentially stimulates transla- 
tion of mitochondrial aconitase and ferritin mRNAs in mammalian cells. Impli- 
cations for iron regulatory proteins as regulators of mitochondrial citrate utiliza- 
tion. J Biol Chem 273:3740-3746 

Schiller JJ, Kanjanahaluethai A, Baker SC (1998) Processing of the coronavirus 
MHV-JHM polymerase polyprotein: identification of precursors and proteolytic 
products spanning 400 kilodaltons of ORFla. Virology 242:288-302 

Schmid SR, Linder P (1992) D-E-A-D protein family of putative RNA helicases. Mol 
Microbiol 6:283-291 


Viral and Cellular Proteins Involved in Coronavirus Replication 129 


Schwartz M, Chen J, Janda M, Sullivan M, den Boon J, Ahlquist P (2002) A positive- 
strand RNA virus replication complex parallels form and function of retrovirus 
capsids. Mol Cell 9:505-514 

Schwarz B, Routledge E, Siddell SG (1990) Murine coronavirus nonstructural protein 
ns2 is not essential for virus replication in transformed cells. J Virol 64:4784- 
4791 

Seybert A, Hegyi A, Siddell SG, Ziebuhr J (2000) The human coronavirus 229E su- 
perfamily 1 helicase has RNA and DNA duplex-unwinding activities with 5’-to-3’ 
polarity. RNA 6:1056-1068 

Shen X, Masters PS (2001) Evaluation of the role of heterogeneous nuclear ribonu- 
cleoprotein Al as a host factor in murine coronavirus discontinuous transcrip- 
tion and genome replication. Proc Natl Acad Sci USA 98:2717-2722 

Shi ST, Huang P, Li HP, Lai MMC (2000) Heterogeneous nuclear ribonucleoprotein 
Al regulates RNA synthesis of a cytoplasmic virus. EMBO J 19:4701-4711 

Shi ST, Schiller JJ, Kanjanahaluethai A, Baker SC, Oh JW, Lai MM (1999) Colocaliza- 
tion and membrane association of murine hepatitis virus gene 1 products and de 
novo-synthesized viral RNA in infected cells. J Virol 73:5957-5969 

Shi ST, Yu GY, Lai MMC (2003) Multiple type A/B heterogeneous nuclear ribonucle- 
oproteins (hnRNPs) can replace hnRNP Al in mouse hepatitis virus RNA synthe- 
sis. J Virol 11:10584-10593 

Sims AC, Ostermann J, Denison MR (2000) Mouse hepatitis virus replicase proteins 
associate with two distinct populations of intracellular membranes. J Virol 
74:5647-5654 

Siomi H, Dreyfuss G (1995) A nuclear localization domain in the hnRNP A1 protein. 
J Cell Biol 129:551-560 

Snijder EJ, van Tol H, Roos N, Pedersen KW (2001) Non-structural proteins 2 and 3 
interact to modify host cell membranes during the formation of the arterivirus 
replication complex. J Gen Virol 82:985-994 

Sokolowski M, Schwartz S (2001) Heterogeneous nuclear ribonucleoprotein C binds 
exclusively to the functionally important UUUUU-motifs in the human papillo- 
mavirus type-1 AU-rich inhibitory element. Virus Res 73:163-175 

Spagnolo JF, Hogue BG (2000) Host protein interactions with the 3’ end of bovine 
coronavirus RNA and the requirement of the poly(A) tail for coronavirus defec- 
tive genome replication. J Virol 74:5053-5065 

Spangberg K, Wiklund L, Schwartz S (2000) HuR, a protein implicated in oncogene 
and growth factor mRNA decay, binds to the 3’ ends of hepatitis C virus RNA of 
both polarities. Virology 274:378-390 

Stalcup RP, Baric RS, Leibowitz JL (1998) Genetic complementation among three 
panels of mouse hepatitis virus gene 1 mutants. Virology 241:112-121 

Stohlman SA, Baric RS, Nelson GN, Soe LH, Welter LM, Deans RJ (1988) Specific in- 
teraction between coronavirus leader RNA and nucleocapsid protein. J Virol 
62:4288-4295 

Svitkin YV, Ovchinnikov LP, Dreyfuss G, Sonenberg N (1996) General RNA binding 
proteins render translation cap dependent. EMBO J 15:7147-7155 

Tahara S, Bergmann C, Nelson G, Anthony R, Dietlin T, Kyuwa S, Stohlman S (1993) 
Effects of mouse hepatitis virus infection on host cell metabolism. Adv Exp Med 
Biol 342:111-116 


130 S.T. Shi - M.M.C. Lai 


Tahara SM, Dietlin TA, Bergmann CC, Nelson GW, Kyuwa S, Anthony RP, Stohlman 
SA (1994) Coronavirus translational regulation: leader affects mRNA efficiency. 
Virology 202:621-630 

Tahara SM, Dietlin TA, Nelson GW, Stohlman SA, Manno DJ (1998) Mouse hepatitis 
virus nucleocapsid protein as a translational effector of viral mRNAs. Adv Exp 
Med Biol 440:313-318 

Tan BH, Fu J, Sugrue RJ, Yap EH, Chan YC, Tan YH (1996) Recombinant dengue type 
1 virus NS5 protein expressed in Escherichia coli exhibits RNA-dependent RNA 
polymerase activity. Virology 216:317-325 

Tarun SZ, Jr., Sachs AB (1996) Association of the yeast poly(A) tail binding protein 
with translation initiation factor eIF-4G. EMBO J 15:7168-7177 

Tarun SZ, Jr., Wells SE, Deardorff JA, Sachs AB (1997) Translation initiation factor 
eIF4G mediates in vitro poly(A) tail-dependent translation. Proc Natl Acad Sci 
USA 94:9046-9051 

Thiel V, Herold J, Schelle B, Siddell SG (2001) Viral replicase gene products suffice 
for coronavirus discontinuous transcription. J Virol 75:6676-6681 

Thiel V, Siddell SG (1994) Internal ribosome entry in the coding region of murine 
hepatitis virus mRNA 5. J Gen Virol 75:3041-3046 

Tijms MA, van Dinten LC, Gorbalenya AE, Snijder EJ (2001) A zinc finger-containing 
papain-like protease couples subgenomic mRNA synthesis to genome translation 
in a positive-stranded RNA virus. Proc Natl Acad Sci USA 98:1889-1894 

Valcarcel J, Gebauer F (1997) Post-transcriptional regulation: the dawn of PTB. Curr 
Biol 7:R705-708 

van der Meer Y, Snijder EJ, Dobbe JC, Schleich S, Denison MR, Spaan WJ, Locker JK 
(1999) Localization of mouse hepatitis virus nonstructural proteins and RNA 
synthesis indicates a role for late endosomes in viral replication. J Virol 73:7641- 
765/ 

van Dinten LC, den Boon JA, Wassenaar AL, Spaan WJ, Snijder EJ (1997) An infec- 
tious arterivirus cDNA clone: identification of a replicase point mutation that 
abolishes discontinuous mRNA transcription. Proc Natl Acad Sci USA 94:991- 
996 

van Dinten LC, Rensen S, Gorbalenya AE, Snijder EJ (1999) Proteolytic processing of 
the open reading frame 1b-encoded part of arterivirus replicase is mediated by 
nsp4 serine protease and Is essential for virus replication. J Virol 73:2027-2037 

van Dinten LC, Wassenaar AL, Gorbalenya AE, Spaan WJ, Snijder EJ (1996) Process- 
ing of the equine arteritis virus replicase ORF1b protein: identification of cleav- 
age products containing the putative viral polymerase and helicase domains. 
J Virol 70:6625-6633 

Van Dyke TA, Flanegan JB (1980) Identification of poliovirus polypeptide P63 as a 
soluble RNA-dependent RNA polymerase. J Virol 35:732-740 

Wang Y, Zhang X (1999) The nucleocapsid protein of coronavirus mouse hepatitis 
virus interacts with the cellular heterogeneous nuclear ribonucleoprotein Al in 
vitro and in vivo. Virology 265:96-109 

Wang YF, Chen SC, Wu FY, Wu CW (1997) The interaction between human cytomeg- 
alovirus immediate-early gene 2 (IE2) protein and heterogeneous ribonucleopro- 
tein Al. Biochem Biophys Res Commun 232:590-594 


Viral and Cellular Proteins Involved in Coronavirus Replication 131 


Weighardt F, Biamonti G, Riva S (1995) Nucleo-cytoplasmic distribution of human 
hnRNP proteins: a search for the targeting domains in hnRNP AI. J Cell Sci 
108:545-555 

Williams GD, Chang RY, Brian DA (1995) Evidence for a pseudoknot in the 3’ un- 
translated region of the bovine coronavirus genome. Adv Exp Med Biol 380:511- 
514 

Wu-Baer F, Lane WS, Gaynor RB (1996) Identification of a group of cellular cofactors 
that stimulate the binding of RNA polymerase II and TRP-185 to human immu- 
nodeficiency virus 1 TAR RNA. J Biol Chem 271:4201-4208 

Yokomori K, Banner LR, Lai MM (1991) Heterogeneity of gene expression of the he- 
magglutinin-esterase (HE) protein of murine coronaviruses. Virology 183:647- 
657 

Yokomori K, Lai MM (1991) Mouse hepatitis virus S RNA sequence reveals that non- 
structural proteins ns4 and ns5a are not essential for murine coronavirus repli- 
cation. J Virol 65:5605-5608 

Yu W, Leibowitz JL (1995a) A conserved motif at the 3’ end of mouse hepatitis virus 
genomic RNA required for host protein binding and viral RNA replication. Virol- 
ogy 214:128-138 

Yu W, Leibowitz JL (1995b) Specific binding of host cellular proteins to multiple sites 
within the 3’ end of mouse hepatitis virus genomic RNA. J Virol 69:2016-2023 

Yuan ZH, Kumar U, Thomas HC, Wen YM, Monjardino J (1997) Expression, purifi- 
cation, and partial characterization of HCV RNA polymerase. Biochem Biophys 
Res Commun 232:231-235 

Zhang X, Lai MMC (1995a) Interactions between the cytoplasmic proteins and the 
intergenic (promoter) sequence of mouse hepatitis virus RNA: correlation with 
the amounts of subgenomic mRNA transcribed. J Virol 69:1637-1644 

Zhang X, Li HP, Xue W, Lai MMC (1999) Formation of a ribonucleoprotein complex 
of mouse hepatitis virus involving heterogeneous nuclear ribonucleoprotein Al 
and transcription-regulatory elements of viral RNA. Virology 264:115-124 

Zhang X, Liao CL, Lai MMC (1994) Coronavirus leader RNA regulates and initiates 
subgenomic mRNA transcription both in trans and in cis. J Virol 68:4738-4746 

Zhang XM, Lai MMC (1995b) Regulation of coronavirus RNA transcription is likely 
mediated by protein-RNA interactions. Adv Exp Med Biol 380:515-521 

Ziebuhr J, Siddell SG (1999) Processing of the human coronavirus 229E replicase 
polyproteins by the virus-encoded 3C-like proteinase: identification of proteolyt- 
ic products and cleavage sites common to ppla and pplab. J Virol 73:177-185 

Ziebuhr J, Snijder EJ, Gorbalenya AE (2000) Virus-encoded proteinases and proteo- 
lytic processing in the Nidovirales. J Gen Virol 81:853-879 


CTMI (2005) 287:133-—159 
© Springer-Verlag 2005 


Coronavirus Reverse Genetics 
by Targeted RNA Recombination 


P. S. Masters’ (i) - P. J. M. Rottier? 


‘ Laboratory of Viral Disease, Division of Infectious Disease, Wadsworth Center, 
New York State Department of Health, Albany, NY, USA 
masters@wadsworth.org 

* Virology Division, Department of Infectious Diseases and Immunology, 
Faculty of Veterinary Medicine and Institute of Biomembranes, Utrecht University, 
3584 CL, Utrecht, The Netherlands 
p.rottier@vet.uu.nl 


1 NULOGUCHON one aye eee ee ee ee ee @ ba ae bee Sf 134 
2 Coronavirus RNA Recombination ..................... 134 
3 Targeted RNA Recombination: Methodology and Technical Issues... 137 
5.1. ‘Original, Development of the System «2.025: 4.2020 ine addeawe es 2 137 
3.2. Improving the Donor RNA: DI and Pseudo-DI RNAs. .......... 140 
3.3. Improving the Recipient Virus: Host Range-Based Selection. ...... 142 
4 Targeted RNA Recombination: Spectrum of Applications ........ 145 
41 ‘Virion Struciire and Assembly 4.44044 ekwG A & eee ROA SHS 146 
A. RNA Replication and Transcription, +4. 44. 4 a6") yao 4 ea eae os 148 
AS  PAahOCenesiS 2.4480 6th ee ores ee PAG SRR EE EA SESS 149 
4.4 Coronavirus Vaccines and Vectors ...........-.2.-+0+020 00 151 
5 Conclusions and Future Prospects ...............2.+02005 152 
ReferenGes.. 2a ee oe ee GS ee ee oe ee 154 


Abstract Targeted RNA recombination was the first reverse genetics system devised 
for coronaviruses at a time when it was not clear whether the construction of full- 
length infectious cDNA clones would become possible. In its current state targeted 
RNA recombination offers a versatile and powerful method for the site-directed mu- 
tagenesis of the downstream third of the coronavirus genome, which encodes all the 
viral structural proteins. The development of this system is described, with an em- 
phasis on recent improvements, and multiple applications of this technique to the 
study of coronavirus molecular biology and pathogenesis are reviewed. Additionally, 
the relative strengths and limitations of targeted RNA recombination and infectious 
cDNA systems are contrasted. 
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1 
Introduction 


Targeted RNA recombination was developed to address the need for a 
reverse genetic system for coronaviruses at a time when it was uncertain 
whether the construction of full-length infectious cDNA clones was tech- 
nically feasible or, indeed, even possible. As detailed elsewhere in this 
volume, this goal has now been realized, largely through the tenacity 
and ingenuity of a handful of investigators. Concurrently, the ensuing 
decade since its origination has allowed targeted recombination to 
evolve into a productive methodology that, across the boundaries of 
multiple laboratories and viral species, has enabled coronavirus studies 
to take advantage of the opportunities offered by reverse genetics. 

In this chapter we begin with a brief background on the prominence 
of recombination in coronavirus RNA synthesis and then detail how this 
property has been exploited for the purposes of site-directed mutagene- 
sis of the coronavirus genome. We describe the scientific problems to 
which targeted recombination has been successfully applied, and finally 
we comment on the future prospects for this technique. Throughout our 
discussion emphasis is placed on new developments in the field since 
the last time this subject was reviewed (Masters 1999). 


2 
Coronavirus RNA Recombination 


RNA recombination is a well-established phenomenon among animal, 
plant, and bacterial RNA viruses (reviewed in Lai 1992; Nagy and Simon 
1997). As a mechanism of genetic exchange, it provides these viruses 
with a powerful evolutionary attribute. Recombination is concomitant 
with viral RNA replication. The consensus model for its occurrence is 
that the viral RNA polymerase, with a nascent RNA strand attached to it, 
dissociates from its template and resumes RNA synthesis after it has 
bound elsewhere to the same or to another template. This “copy-choice” 
or template-switching mechanism was originally established for po- 
lioviruses (Kirkegaard and Baltimore 1986), the viral species for which 
RNA recombination was first demonstrated (Ledinko 1963), but it seems 
to be generally applicable. 

Homologous RNA recombination takes place when there is a switch 
of templates between regions of high sequence similarity. This particular 
form of recombination had only been observed for—and was thus be- 
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lieved to be restricted to—positive-strand RNA viruses, but it has re- 
cently also been demonstrated for a minus-strand RNA virus (Plyusnin 
et al. 2002). Homologous RNA recombination occurs at a remarkably 
high rate among coronaviruses (Lai 1992, 1996). Their huge genome size 
and particular mode of replication, employing a discontinuous mode of 
transcription, may favor polymerase template switching (Brian and 
Spaan 1996). Accordingly, the phenomenon also has been observed for 
other nidoviruses, particularly the arteriviruses (Li et al. 1999; Yuan et 
al. 1999; van Vugt et al. 2001). 

Experimental evidence for RNA recombination in coronaviruses has 
rapidly accumulated, ever since its first description in the mid-1980s 
(Lai et al. 1985). Essentially all of the early work was done with mouse 
hepatitis virus (MHV) by taking skillful advantage of the availability of 
distinctive natural viral strains and classic mutants generated in the lab- 
oratory. Initially, through the analysis of progeny obtained from coinfec- 
tion of culture cells or mouse brains with different MHV variants and 
application of different selection principles (e.g., temperature sensitivity, 
cell fusion ability, sensitivity to neutralization by specific antibodies), 
many of the fundamental features of coronavirus recombination were 
elucidated (Lai et al. 1985; Keck et al. 1987, 1988a,b; Makino et al. 1987). 
Sequence analyses revealed that recombination can happen virtually 
anywhere along the genome but that particular virus combinations 
show preferred crossover regions, probably owing to selective pressure 
(Banner et al. 1990). Many MHV recombinants were found to have mul- 
tiple crossovers, consistent with an exceptionally high frequency of re- 
combination. The overall frequency per passage was estimated at ap- 
proximately 1% per 1,300 nucleotides (or 25% over the entire genome) 
by long-range mapping using temperature-sensitive mutants (Baric et al. 
1990). Similar studies subsequently demonstrated that, within a relative- 
ly short interval, the recombination frequency is uniform (Banner and 
Lai 1991) but it increases progressively from the 5’ to the 3’ end of the 
MHV genome, presumably because of participation of subgenomic (sg) 
RNAs (Fu and Baric 1994). Although homologous RNA recombination 
has been less extensively studied in other viral species, the experimental 
demonstration of this phenomenon has not been limited to the group 2 
coronavirus MHV. It has been shown as well for the group 3 coronavirus 
infectious bronchitis virus (IBV) (Kottier et al. 1995) and the group 1 co- 
ronavirus transmissible gastroenteritis virus (TGEV) (Sanchez et al. 
1999), for the former by coinfection of viruses into embryonated eggs 
and for the latter by electroporation of defective RNA into infected cells 
in tissue culture. 
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Recombination of coronaviruses appears to be a process of significant 
importance in the wild. Its occurrence has been shown to contribute to 
the natural evolution of IBV. This highly contagious virus comprises 
many different serotypes, and new ones emerge regularly, with the result 
that these viruses escape from host immunity and cause new outbreaks. 
Although many of the new variants arise by genetic drift as a result of 
subtle mutations in the spike protein (S) gene, similar to the changes 
that lead to antigenic drift in influenza viruses, new serotypes apparently 
also originate from genetic exchange of S gene sequences between differ- 
ent viruses through homologous RNA recombination (Kusters et al. 
1990; Cavanagh et al. 1990; Wang et al. 1993; Jia et al. 1995). Of consider- 
able impact on these evolutionary processes is the veterinary practice of 
vaccination. Large-scale application of (combinations of) live attenuated 
vaccine viruses drastically enhances the opportunities for recombina- 
tion. The identification of vaccine-derived sequences in field isolates is 
therefore not surprising (Kusters et al. 1990; Wang et al. 1993; Lee and 
Jackwood 2001). Rather, these events actually seem to occur at high fre- 
quency and are not restricted to the S gene region, as attested by the 
complex genetic makeup of IBV strains that carry the footprints of mul- 
tiple independent recombinations (Jia et al. 1995; Lee and Jackwood 
2000). 

Homologous RNA recombination also plays an important role in the 
evolution of feline coronaviruses. These viruses fall into two serotypes, 
with type I viruses being the most prevalent. Unlike type I viruses, the 
type II viruses cross-react with canine coronavirus (CCoV) in virus neu- 
tralization assays, and sequence analysis of their S genes indeed con- 
firms this relatedness: Serotype II viruses appear to be derived from re- 
combination between type I feline coronaviruses and CCoV (Motokawa 
et al. 1995; Vennema et al. 1995; Herrewegh et al. 1995). Detailed analy- 
ses of two type II strains revealed that each actually resulted from dou- 
ble recombination, with crossover points located both upstream and 
downstream of the S gene (Herrewegh et al. 1998). Importantly, all of 
the crossover points were unique, and subsequent sequencing of the 3’ 
genomic region of two additional type II strains showed that the tem- 
plate switches in this region had occurred at different sites in all four 
viruses: two each in the envelope protein (E) and the membrane protein 
(M) genes (Vennema 1999). Obviously, these viruses must have arisen 
from independent recombination events. Although it is not known in 
which host species the coinfection of feline and canine coronaviruses 
takes place, these observations suggest that such occurrences are not 
overly rare. 
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More generally, RNA recombination is also believed to have been in- 
strumental in the emergence of the three coronavirus groups. Viruses 
from these groups characteristically differ in the identities and genomic 
locations of their nonessential genes. These group-specific genes are 
presumed to have been acquired by recombination, in this case nonho- 
mologous, with cellular or heterologous viral RNAs. A case in point is 
the hemagglutinin-esterase (HE) gene found in several group 2 coron- 
aviruses as well as in toroviruses. This gene was presumably derived 
from recombination between an ancestral coronavirus and influenza C 
virus, as is suggested by its remarkable sequence similarity to the corre- 
sponding orthomyxoviral HE gene (Luytjes et al. 1988). Apart from still- 
undefined roles in interactions with their respective hosts (de Haan et 
al. 2002a), the functions and possible origins of the other group-specific 
genes remain elusive. 


3 
Targeted RNA Recombination: Methodology and Technical Issues 


3.1 
Original Development of the System 


Targeted RNA recombination was devised as a means of introducing 
specified changes into the coronavirus genome through recombination 
between a donor synthetic RNA and a recipient parent virus possessing 
some characteristic that allows it to be counterselected. The genomic 
changes to be introduced are first generated in a cDNA transcription 
vector, and donor RNA is transcribed in vitro from this plasmid. After 
RNA recombination in infected cells, viral progeny bearing the desired 
alterations are selected on the basis of their possession of a phenotypic 
property not found in the original recipient virus. 

The earliest scheme for targeted RNA recombination came about by 
the fortunate confluence of a number of separate discoveries. First, as 
outlined in the previous section, an abundance of experimental work, 
primarily with MHV, had demonstrated that RNA recombination is a 
frequent event in the coronavirus infectious cycle. Second, it had recent- 
ly been shown that each coronavirus sgRNA possesses a negative-strand 
counterpart (Sethna et al. 1989). Although the original proposal that 
sgRNAs function as replicons has not proved correct, this key finding 
made clear that the positive-strand sgRNAs serve as substrates for the 
viral polymerase, thus rendering them likely participants in polymerase- 
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mediated recombination. Finally, an MHV mutant was found that had 
the ideal properties for the recipient parent virus. This mutant, Alb4, 
was among a collection of classic, random mutants isolated on the basis 
of production of an atypical cytopathic effect at the nonpermissive tem- 
perature (39°C) (Sturman et al. 1987). Alb4 is temperature sensitive, but 
it is not an absolute conditional-lethal mutant, in that it produces pla- 
ques at the nonpermissive temperature that are tiny by comparison with 
the wild type. Additionally, virions of Alb4 are thermolabile, exhibiting 
a drop in infectious titer of two to three orders of magnitude when held 
at the nonpermissive temperature for 24 h, a treatment that only mini- 
mally affects the viability of the wild type. The lesion in Alb4 was found 
to reside in the nucleocapsid (N) gene, the gene closest to the 3’ untrans- 
lated region (3’ UTR) of the genome, and consists of an 87-nt (in frame) 
deletion (Koetzner et al. 1992) that removes a 29-amino acid linker con- 
necting two functional domains of the N protein (Parker and Masters 
1990). 

The experiment establishing the principle of targeted RNA recombi- 
nation, then, was carried out by cotransfection of mouse cells with the 
purified genome of Alb4 and a synthetic copy of sgRNA7, which is the 
smallest of the MHV sgRNAs and serves as the mRNA for N protein 
(Fig. 1) (Koetzner et al. 1992). The synthetic donor RNA contained the 
wild-type (undeleted) version of the N gene and was tagged with a pre- 
sumed nondeleterious 5-nt insertion in the 3’ UTR. The precarious na- 
ture of this latter assumption was only revealed years later, when it was 
found that the insertion had been made in a mutable loop of an RNA 
secondary structure that is absolutely essential for MHV replication 
(Hsue and Masters 1997). The viral progeny resulting from the cotrans- 
fection were subjected to a heat-killing step, so as to greatly reduce the 
background of Alb4 parent virus, and candidate recombinants were 
identified as viruses forming large (i.e., wild-type sized) plaques at the 
nonpermissive temperature. The presence in the putative recombinants 
of both the region that is deleted in Alb4 and the 5-nt tag was verified by 
size or restriction fragment polymorphisms in RT-PCR products from 
genomic RNA that had been isolated from purified virions. Additionally, 
the 5-nt tag, which is present in neither wild-type MHV nor the Alb4 
mutant, was demonstrated by direct sequencing of genomic RNA of the 
recombinants. These viruses were thus the first engineered site-specific 
mutants of a member of the coronavirus family. 
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Fig. 1. Earliest implementation of targeted RNA recombination. Genomic RNA 
(gRNA) from the Alb4 mutant and synthetic donor RNA were cotransfected into 
cells. The donor RNA contained the wild-type N gene, including the 87-nt region that 
is deleted in Alb4 (black rectangle) and was also tagged with a 5-nt insertion in the 
3’ UTR. After harvest of progeny virus, the Alb4 parent was selectively killed by heat 
treatment, and recombinants were identified as viruses forming large (wild-type 
size) plaques at the nonpermissive temperature 
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3.2 
Improving the Donor RNA: DI and Pseudo-DI RNAs 


The initial demonstration of targeted RNA recombination was soon fol- 
lowed by a report of the incorporation of genetic markers into the MHV 
genome by using a defective interfering (DI) RNA, MIDI-C, as the donor 
RNA (Fig. 2) (van der Most et al. 1992). In this case, a coding-silent 
marker tagging the region of the Alb4 N gene deletion was successfully 
transferred from the DI RNA to Alb4 recipient virus. Additionally, it was 
shown that recombinants bearing MIDI-C-derived markers that had 
been transduced into gene 1 of wild-type MHV could be isolated by 
screening, without any prior selection. Most importantly, the efficiency 
of obtaining recombinants with this DI RNA as the donor appeared to 
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Fig. 2. DI and pseudo-DI donor RNAs used in targeted recombination studies. 
Shown at the top of each panel is the genome from which the donor RNAs are de- 
rived. Brackets indicate fragments of full-length genes 
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be significantly higher than had been achieved with sgRNA7 as the do- 
nor. Coronavirus DI RNAs are parasitic elements that arise through the 
accumulation of extensive deletions, which eliminate most of the coding 
capacity of the genome while retaining cis-acting elements essential for 
viral polymerase recognition. They are therefore not independently via- 
ble, but they replicate by feeding into the RNA synthesis machinery pro- 
vided by a helper virus. 

In an attempt to systematically optimize the performance of targeted 
recombination, the efficiencies of the two types of donor RNA were di- 
rectly compared (Masters et al. 1994). For this purpose, a nonnatural 
MHV DI RNA, designated pB36 RNA, was constructed to contain the en- 
tire N gene, mimicking the composition of a well-characterized, natural- 
ly arising DI RNA of bovine coronavirus (BCoV) (Chang et al. 1994). It 
was found that this donor DI RNA replicated abundantly and consistent- 
ly yielded targeted recombinants with Alb4 at an efficiency on the order 
of 10°*, some two to three orders of magnitude greater than that ob- 
tained with sgRNA7 donor RNA. This meant that candidate (large pla- 
que) recombinants could generally be identified directly against the 
background of small plaques formed by the Alb4 parent, without the 
need for a heat-killing counterselection step. Because the mechanistic 
details of RNA recombination remain to be unraveled, it has not yet 
been resolved whether the increased donor efficiency of DI RNAs results 
from their replicative competence or from some other intrinsic property. 
It is possible that the critical feature of DI RNAs is not their ability to 
replicate per se, but, rather, that they possess some sequence or structur- 
al element that brings about their localization to the RNA synthesis com- 
partment, or that facilitates their alignment with homologous regions of 
the acceptor genome template. 

Despite our not understanding precisely why DI RNAs work so well, 
it was nevertheless straightforward to design additional donor RNAs 
based on the relatively simple composition of pB36 RNA, which com- 
prises only the 5’- and 3’-terminal segments from the MHV genome, 
connected by a short heterologous linker (Masters et al. 1994). The in- 
clusion of more material from the 3’ end of the genome resulted in pro- 
gressively larger plasmid vectors for donor RNAs—pP17 (Fischer et al. 
1997a), pFV1 (Fischer et al. 1997b), and pMH54 (Kuo et al. 2000) 
(Fig. 2)—which were collectively capable of transducing mutations into 
any of the genes downstream of gene 1, the viral replicase gene. The 
availability of these larger donor RNAs, termed pseudo-DI RNAs be- 
cause it has never been directly determined whether they are replication 
competent, consequently places all of the MHV structural genes within 
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the reach of the targeted recombination method. Separately, a similar 
principle was applied to a different coronavirus species, TGEV, by the 
insertion of the S protein gene into a naturally occurring DI RNA of that 
virus (Méndez et al. 1996). However, in this case the donor RNA, M54- 
SC11 (Fig. 2), was not completely colinear with the 3’ end of the recipi- 
ent genome, and thus the formation of the recombinants that were iso- 
lated was dependent upon two crossover events, one upstream and one 
downstream of the targeted region (Sanchez et al. 1999). Work has also 
been done toward using a modified naturally occurring DI RNA of IBV 
in targeted RNA recombination, but the recovery of viable recombinants 
from this system has not yet been reported (Neuman et al. 2001). 


3.3 
Improving the Recipient Virus: Host Range-Based Selection 


Although the Alb4 mutant was invaluable in moving coronavirus genet- 
ics from classic to molecular capabilities, a fundamental limitation of 
the scheme described above is that selection against Alb4 makes sense 
only if the mutant being sought is more fit than Alb4 at the nonpermis- 
sive temperature. This precondition still allows the selection of a wide 
variety of mutants, but it places a restriction on the range of problems 
to which a genetic system could potentially be applied. Two studies 
made use of alternative strategies to circumvent this fitness precondi- 
tion. In one study, an RT-PCR-based screen of large pools of candidate 
recombinant plaques was employed to identify clustered charged-to-ala- 
nine mutations made in the E gene (Fischer et al. 1998). The fact that the 
resulting E protein mutants were temperature sensitive and thermolabile 
explained why they could not be isolated by a heat-killing selection. A 
second means around the fitness requirement was to carry out a differ- 
ent type of selection. In this case, neutralization with monoclonal anti- 
bodies specific for the S protein of MHV strain A59 (the strain to which 
Alb4 belongs) was used to obtain recombinants that had incorporated 
the S gene of MHV strain 4 (Phillips et al. 1999). However, both of these 
alternatives had disadvantages. Mutant identification by screening is ex- 
tremely labor intensive and of uncertain efficiency, and strain-specific 
monoclonal antibody selection is applicable only under special circum- 
stances. 

Superseding these two particular exceptions, a very powerful positive 
selection strategy was enabled by the creation of an interspecies chi- 
meric mutant of MHV in which the ectodomain of the S protein was 
replaced with its counterpart from feline infectious peritonitis virus 
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(FIPV) (Kuo et al. 2000). This substitution had its foundation in work 
done with viruslike particles (VLPs), which had suggested that the deter- 
minants for functional S protein incorporation into virions reside solely 
in the transmembrane domain and the endodomain of the molecule 
(Godeke et al. 2000). Because both MHV and FIPV are stringently species 
specific in tissue culture, the interspecies chimeric mutant, named 
f{MHV, was readily obtained by a targeted RNA recombination experi- 
ment that selected for a virus that had acquired the ability to grow in fe- 
line cells. It soon became apparent that the inverse of this selection 
would provide significantly greater flexibility in the construction of 
MHV mutants than the Alb4-based targeted recombination scheme. The 
use of {MHV as the recipient virus with donor RNA transcribed from a 
pMH54-derived vector, which would restore the region encoding the 
MHV S gene ectodomain, should, in principle, allow the selection of re- 
combinants harboring any nonlethal MHV mutation (Fig. 3, top panel). 
No matter how fragile its phenotype, the constructed mutant should be 
identifiable on the basis of its having regained the ability to grow in mu- 
rine cells, in contrast to the {MHV parent, which can only grow in feline 
cells. The feasibility and utility of this strategy have now been proven re- 
peatedly in multiple laboratories. 

The strength of the host range-based selection has been most dramat- 
ically demonstrated by its ability to recover a mutant with a two-residue 
truncation of the carboxy terminus of the M protein (Kuo and Masters 
2002) and a mutant with the critical E gene entirely deleted (Kuo and 
Masters 2003). Both of these mutants are severely impaired, forming tiny 
plaques at all temperatures and yielding infectious titers that are, at 
most, orders of magnitude lower than those of the wild type. In the ini- 
tial selection of these and a number of other highly defective mutants, 
the recombinants being sought were identified as tiny plaques among a 
mixture of tiny and wild-type-sized plaques (Kuo and Masters 2002, 
2003). Analysis of the latter showed that they were reconstructed wild- 
type viruses, which had arisen via a second crossover event occurring 
downstream of the restored MHV S gene, but upstream of the mutation 
of interest (Fig. 3, top panel). Although double crossovers occur with 
lower frequency than a single crossover, they can constitute a significant 
fraction of the initial recombinants in cases in which the wild type has a 
marked growth advantage over the constructed mutant. To preclude the 
possibility of the second crossover event, a variant of {MHV, designated 
fMHV.v2, has been constructed in which the gene order downstream of 
the S gene has been rearranged (Fig. 3, middle panel). The use of 
f{MHV.v2 eliminates the background of progeny recombinants generated 
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Fig. 3. Host range-based selection. Top panel: Selection strategy with the interspecies 
chimeric coronavirus fMHV, which contains the portion of the S gene encoding the 
ectodomain of the spike protein of FIPV (shaded rectangle) but is otherwise identi- 
cal to MHV. f{MHV is able to grow in feline cells but cannot grow in murine cells. In 
targeted recombination with donor RNA that restores the MHV S ectodomain, a sin- 
gle crossover (solid line), within the HE gene, can generate a recombinant that has 
reacquired the ability to grow in murine cells and has also incorporated an engi- 
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by second crossovers, and it is of particular utility in the recovery of un- 
selected markers that are debilitating or that are located far downstream 
of the S gene (Goebel et al. 2004). 

In addition to depth, the host range-based selection system has been 
shown to have breadth. The fMHV structural genes have been incorpo- 
rated into the JHM strain of MHV, resulting in {MHV-JHM (Fig. 3, mid- 
dle panel) (Ontiveros et al. 2001). This chimeric virus, in conjunction 
with the appropriate JHM strain counterpart of the pMH54 vector, has 
been used to construct site-directed mutants in MHV-JHM, thereby pro- 
viding proof of principle for the applicability of this system to MHV 
strains other than strain A59. A more far-reaching extension of the 
method has been achieved by the construction of mFIPV, an interspecies 
chimeric mutant of FIPV in which the ectodomain of the S protein has 
been replaced with that of MHV (Haijema et al. 2003). This virus, which, 
as expected, has a host cell species permissivity exactly the converse of 
that of {MHV, provides the starting point for construction of site-direct- 
ed mutations in the structural and nonstructural genes of FIPV (Fig. 3, 
bottom panel). These results establish host range-based selection as a 
general blueprint for the carrying out of reverse genetics in all coron- 
aviruses, or at least in those that exhibit some level of host range restric- 
tion in tissue culture. 


4 
Targeted RNA Recombination: Spectrum of Applications 


The impact of reverse genetic systems on progress in virology has been 
overwhelmingly demonstrated for most families of viruses over the last 
two decades, much to the frustration of many a coronavirologist. The 
new availability of multiple systems for engineering coronaviral gen- 
omes suddenly provides these investigators with unexpected opportuni- 
ties, requiring choices to be made. These choices will be guided by the 
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neered mutation (star). A potential second crossover (broken line) would regenerate 
a wild-type recombinant lacking the mutation. Middle panel: Variant interspecies re- 
cipient viruses f{MHV.v2, which greatly reduces the probability of the undesired 
downstream second crossover, and {MHV-JHM, which can be used to construct mu- 
tants of the JHM strain. Bottom panel: Selection strategy with mFIPV, entirely analo- 
gous to the f{MHV scheme (top panel) 
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particular research question and by the practical and theoretical limita- 
tions of the various engineering systems. Because of the restrictions in- 
herent in its selection principle, targeted RNA recombination in its pres- 
ent format will retain its greatest value in the study and manipulation of 
functions specified by the genomic regions downstream of the polymer- 
ase gene. The vast potential of this technology for coronavirus research 
can perhaps best be envisaged just by looking back at the first ten years 
of its existence. What follows is a brief survey of important contribu- 
tions that the targeted recombination approach has made in the different 
areas of its application. Unless otherwise specified, the work discussed 
refers to MHV. 


4.1 
Virion Structure and Assembly 


By their nature, the earliest versions of the targeted recombination 
method revolved around the N gene. They allowed the mapping of the 
extreme thermolability of virions of MHV-A59 mutants Alb4 and Alb1 
to a deletion (Koetzner et al. 1992) and to a point mutation (Masters et 
al. 1994), respectively, in this gene. By an analysis of a panel of indepen- 
dently isolated revertant viruses this thermolability could, for Alb4, sub- 
sequently be attributed to a disturbed RNA binding capacity of the N 
protein. By the use of targeted recombination, critical evidence was ob- 
tained linking the restoration of the wild-type phenotype to a single re- 
verting amino acid mutation, different for each revertant, in a domain of 
the N protein to which RNA binding had been previously mapped (Peng 
et al. 1995a). It was therefore somewhat surprising that major parts of 
this domain, as well as the segment that is deleted in Alb4, could be ex- 
changed without penalty by the corresponding domain of the BCoV N 
protein (Peng et al. 1995b). The resulting MHV-BCoV chimeric viruses 
were viable and thermally stable. In contrast, for other regions of the N 
protein, such as the terminal domains, interspecies exchange was not 
tolerated, presumably because these regions are involved in protein-pro- 
tein interactions that are specific for each virus. 

Interactions between M molecules are thought to provide the major 
force for the assembly of the coronavirus envelope (Rottier 1995; 
Vennema et al. 1996). In a mutational study investigating the primary 
structural requirements of the M protein for assembly of VLPs from co- 
expressed M and E proteins, it was found that stringent structural condi- 
tions must be satisfied for envelope formation. In particular, the extreme 
carboxy terminus of M was shown to be crucial in this system (de Haan 
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et al. 1998). The mere deletion of the terminal residue (MA1) almost 
completely abolished assembly, whereas an M protein mutant addition- 
ally lacking the penultimate residue (MA2) was entirely assembly incom- 
petent. By contrast, when these deletions and other mutations in the car- 
boxy-terminal domain were transferred to the MHV genome by targeted 
recombination, the resulting effects were generally much less severe, or 
were even absent. The MA1 viral mutant, for instance, had no detectable 
defect. Apparently, in the context of the complete virion, changes that 
are devastating in the VLP system can be accommodated by other stabi- 
lizing interactions, most likely between the envelope and the nucleocap- 
sid. Although the MA2 viral mutant could not be identified in this study 
and was thus considered nonviable (de Haan et al. 1998), the power of 
the host range-based selection system later enabled its isolation (Kuo 
and Masters 2002). The MA2 virus formed tiny plaques in tissue culture 
and grew extremely poorly, and on passage, revertants with strongly im- 
proved growth properties rapidly emerged. Genetic analysis of a large 
number of second-site revertants, combined with the targeted reintro- 
duction of some of the reverting mutations back into the MA2 mutant 
genome, identified residues both in the M protein and in the N protein 
that could compensate for the two-residue deletion. This provided com- 
pelling evidence for a structural interaction between the carboxy termini 
of these two proteins in MHV. 

Despite its minute abundance in virions, the E protein is a critical 
factor in the assembly of coronaviruses. Its function, however, is still 
unresolved. To study the role of E, clustered charged-to-alanine muta- 
tions were introduced into the protein through targeted recombination 
(Fischer et al. 1998). Three viable mutant viruses were obtained, two of 
which were temperature sensitive whereas the third had a wild-type phe- 
notype. Both temperature-sensitive mutants were markedly thermolabile 
when grown at the permissive temperature. When virions of one of these 
E mutants were viewed by electron microscopy, particles with strikingly 
aberrant shapes were observed. These data indicated an important role 
for the E protein in virion morphogenesis and stability. Remarkably, 
however, it has recently become clear that this role is not essential. 
Again, because of the power of the host range-based selection system of 
targeted recombination, it has been possible to isolate a mutant of MHV 
from which the E gene is entirely deleted (Kuo and Masters 2003; de 
Haan and Rottier, unpublished results). Although the AE mutant pro- 
duces tiny plaques with an unusual morphology, has a slow growth rate, 
and grows to low infectious titer, it is, nevertheless, completely viable. 
Curiously, the E protein appears to be an absolute requirement for the 
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group | coronavirus TGEV; growth of TGEV from which the E gene has 
been deleted is essentially dependent on in trans complementation by 
expressed E protein (Curtis et al. 2002; Ortego et al. 2002). 


4.2 
RNA Replication and Transcription 


Because all intergenic regions, including their associated transcription- 
regulating sequences (TRSs), as well as the 3’ UTR, are accessible for 
manipulation by targeted RNA recombination, this methodology allows 
the study of many questions related to viral replication and transcrip- 
tion. An initial foray in this direction sought to define functionally 
equivalent segments of the 3’ UTRs of MHV and BCoV. This led to the 
identification of a conserved bulged stem-loop secondary structure at 
the upstream end of the 3’ UTR, adjacent to the stop codon of the N 
gene (Hsue and Masters 1997). The stem-loop was shown to be essential 
for virus viability as well as for DI RNA replication. More recent work 
(Hsue et al. 2000; Goebel et al. 2004), using mutational analysis com- 
bined with chemical and enzymatic probing, has refined the picture of 
this structure and has delineated its relationship with a downstream, 
and partially overlapping, RNA pseudoknot that was first discovered in 
BCoV (Williams et al. 1999). The mutually exclusive nature of the stem- 
loop and the pseudoknot suggests that they are components of a molec- 
ular switch, functioning to mediate some event during RNA synthesis. 

Coronaviruses have a genome organization in which the order of the 
essential genes (5'-polymerase-S-E-M-N-3’) is strictly conserved, despite 
the high frequency of RNA recombination of these viruses. To find out 
whether this fixed gene order is in some way a vital property, deliberate 
rearrangements were introduced into the viral genome through targeted 
recombination. All attempted gene rearrangements were found to be tol- 
erated, generally with surprisingly little effect on the growth characteris- 
tics of the recombinant viruses in cell culture or, for one virus tested, in 
the mouse host (de Haan et al. 2002b). 

The factors that determine the relative efficiencies of synthesis of co- 
ronavirus sgRNAs are as yet poorly understood. Evidence indicates that 
the identity of the TRS, its sequence context, and its genomic position 
can all contribute to the process. The fortuitous effect of one or more of 
three nucleotide changes introduced into a donor vector for targeted re- 
combination (pMH54, Fig. 2), to create a convenient restriction site up- 
stream of the gene 4 TRS, illustrates the importance of the TRS sequence 
context (Ontiveros et al. 2001; de Haan et al. 2002a). For unknown rea- 
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sons this modification led to a dramatic (at least sevenfold) upregulation 
of sgRNA4 synthesis. Other examples of unexpected context effects 
were observed in some genomically rearranged viruses (de Haan et al. 
2002b). For instance, relocation of the gene 4-5a/E-M cluster to a loca- 
tion between the polymerase and S genes (mutant MHV-EMSmN) re- 
sulted in a strong increase in the level of synthesis of the (now) largest 
sgRNA, by comparison with its wild-type counterpart. The opposite was 
observed after relocation of the M gene to a position immediately down- 
stream of the S gene (mutant MHV-SMEN): The sgRNA specifying the 
M protein was hardly detectable. Obviously, much more systematic work 
will need to be done to provide clear insights into these complex issues. 
To explore other questions related to coronavirus RNA synthesis, target- 
ed RNA recombination has also been employed for the insertion of a 
new transcription unit into the MHV genome (Hsue and Masters 1999), 
as well as for the embedding of a high-affinity binding site for a putative 
host transcriptional factor (Shen and Masters 2001). 


4.3 
Pathogenesis 


The ability to study the effect of targeted mutations in the viral genome 
on the course of a natural infection represents an essential tool with 
which to rigorously address the interplay between host and virus. This is 
illustrated most impressively by a series of studies on the role of the 
MHV S protein in viral pathogenesis. Modifications ranging from single 
amino acid changes to complete spike replacements were applied. In the 
first category the simple substitution Q159L in the receptor binding do- 
main of MHV-A59 S protein significantly reduced viral virulence; repli- 
cation in the liver and, consequently, the extent of viral hepatitis were 
strongly decreased (Leparc-Goffart et al. 1998). Similarly, amino acid 
substitutions at the S1/S2 cleavage site indicated that efficient cleavage 
and cell-cell fusion are not necessary for virulence (Hingley et al. 2002). 
In the category of large-scale modifications, the replacement of the en- 
tire S gene of MHV-A59, a moderately neurovirulent virus, by that of 
MHV-4, which is highly neurovirulent, resulted in a chimeric virus with 
dramatically increased neurovirulence. Although replication in the brain 
was not elevated, viral antigen staining and inflammation in the central 
nervous system were increased (Phillips et al. 1999). The acquired spike 
apparently conveys to the chimeric virus most of the pathogenic proper- 
ties of its cognate virus. This interpretation was confirmed in an analo- 
gous exchange involving the MHV-2 S gene. In this case, the non-demy- 
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elinating phenotype of the latter virus was passed on to MHV-A59, a de- 
myelinating strain (Das Sarma et al. 2000). Still further support for the 
role of S as the primary determinant of pathogenicity was provided by 
an analysis of the chimeric viruses for their ability to induce hepatitis 
after intrahepatic inoculation (Navas et al. 2001). The level of replication 
in the liver and the extent of hepatocellular damage paralleled those of 
the virus from which the spike had been obtained, that is, MHV-A59 car- 
rying an MHV-4, MHV-A59, or MHV-2 spike exhibited low, moderate, 
or high replication and pathology, respectively. Finally, a series of chi- 
meric viruses containing intramolecularly recombined MHV-4/MHV- 
A59 S genes in the MHV-A59 background was tested to further explore 
the determinants of neurovirulence within the MHV-4 spike (Phillips et 
al. 2001, 2002). Reciprocal exchanges of the S1 and S2 subunits, and of 
parts of the hypervariable region of S1, yielded viruses that replicated 
well in vitro but were generally severely attenuated in mice. These results 
suggest that such modifications disturb interactions within the S protein 
that are important for efficient infection in the mouse brain. 

A critical role of the S protein in pathogenesis was also demonstrated 
for TGEV. By replacement, through targeted recombination, of most of 
the S gene of a respiratory TGEV isolate by that of a virus with enteric 
tropism, recombinants were obtained that had acquired the latter prop- 
erty (Sanchez et al. 1999). These recombinant viruses thereby also 
gained the ability to replicate to high titers in the porcine enteric tract, 
as well as the marked virulence that is the distinguishing trait of the en- 
teropathogenic parent virus. 

In addition to the genes encoding the polymerase and canonical 
structural proteins coronaviruses have a number of other genes, forming 
characteristic sets in each coronavirus group, the functions of which are 
as yet unknown. None of these genes is essential for replication, as was 
demonstrated by targeted recombination for MHV (Fischer et al. 1997a; 
Ontiveros et al. 2001; de Haan et al. 2002a) and for FIPV (Haijema et al. 
2003). Targeted inactivation of gene 4 in MHV-JHM did not affect the 
virulence of this virus, whether it was inoculated intracranially or in- 
tranasally, nor were the pathological effects in the central nervous sys- 
tem any different from those of the wild type (Ontiveros et al. 2001). 
More drastic genetic changes of group-specific genes in the MHV-A59 
background, however, were clearly attenuating. In this situation, viruses 
were constructed deleting genes 4 and 5a, genes 2a and HE, or all four 
genes, the latter deletions creating a “minimal” coronavirus. Removal of 
genes 4 and 5a, but not that of genes 2a and HE, reduced viral growth in 
cell culture slightly yet significantly. In intracranially inoculated mice, 
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however, the virulence of all three deletion mutants was clearly reduced 
(de Haan et al. 2002a). For FIPV, the deletion of the group-specific genes 
3a, 3b, and 3c or genes 7a and 7b did not substantially influence in vitro 
growth properties; in contrast, the “minimal” virus lacking all five of 
these genes was strongly impaired. The oronasal inoculation of cats with 
these deletion viruses, at a dose confirmed to be lethal for wild-type 
FIPV, remained without clinical consequences. That the animals had ac- 
tually been infected was clear from their development of virus-neutraliz- 
ing antibodies (Haijema et al. 2003). These deletion studies suggest that 
the nonessential genes encode functions important for host-virus inter- 
actions. 


4.4 
Coronavirus Vaccines and Vectors 


The technology of targeted recombination has already displayed a num- 
ber of features that will be essential for the development of coronavirus- 
es as vectors for vaccination and therapy. One is the capability of render- 
ing these viruses avirulent by the deletion of particular genes, as demon- 
strated for MHV and FIPV. In the latter case, viruses lacking either the 
3abc or the 7ab gene cluster were indeed shown to serve as live-attenuat- 
ed vaccine candidates, because cats infected with these mutants were 
protected against subsequent challenge with an otherwise lethal dose of 
virulent FIPV (Haijema et al. 2003). Second, the ability to genetically re- 
arrange coronavirus genomes provides a critical safety asset, because it 
will allow the construction of vaccine or vector viruses that, because of 
judiciously modified gene orders, should have vanishingly small proba- 
bilities of generating viable progeny through recombination with coron- 
aviruses in the wild. Third, the potential to retarget coronaviruses by 
modification of their S proteins, on which the current host range selec- 
tion system for recombinant viruses is also based, constitutes another 
important feature that might be further developed to enable the direct- 
ing of vectors to predefined cellular surface antigens. 

Finally, for their use both as vectors and as carrier vaccines, the dem- 
onstrated ability of coronaviruses to incorporate and express foreign 
genes is obviously essential. Green fluorescent protein (GFP) was the 
first nonviral protein to be expressed by a coronavirus (Fischer et al. 
1997b). The recombinant MHV containing the GFP gene inserted in 
place of gene 4 grew as well as the wild type did, but its level of GFP ex- 
pression was poor. A slightly different construct containing the “en- 
hanced” GFP gene, again replacing gene 4 but also in the context of the 
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upregulated TRS4 of pMH54, yielded a virus that replicated as well as 
wild-type virus both in vitro and in the mouse central nervous system 
(Das Sarma et al. 2002). This virus produced fluorescence during infec- 
tion in vitro and in mouse brain, and GFP expression was stably main- 
tained through at least six passages in tissue culture. In another study 
luciferase gene expression cassettes were inserted at various positions in 
the MHV genome. Whereas the Renilla luciferase gene remained stable 
over eight passages, irrespective of its location, the firefly luciferase gene 
was lost quite rapidly as a result of the acquisition of deletions. Lucifer- 
ase expression levels appeared to increase when the gene was positioned 
closer to the 3’ end of the genome (de Haan et al. 2003). Moreover, the 
simultaneous synthesis of both luciferase activities from a single engi- 
neered virus demonstrated the potential for the use of coronaviruses as 
multivalent expression vectors. 


5 
Conclusions and Future Prospects 


Within the span of nearly a decade, targeted recombination has estab- 
lished itself as a powerful and versatile technique for the reverse genetics 
of the 3’ third of the coronavirus genome, which encompasses the region 
encoding all of the structural genes. The past two years, however, have 
seen the opening of a new frontier in coronavirus reverse genetics, with 
reports of the assembly of infectious cDNAs for TGEV (Almazan et al. 
2000; Yount et al. 2000), HCoV-229E (Thiel et al. 2001), IBV (Casais et al. 
2001), MHV (Yount et al. 2002), and SARS-CoV (Yount et al. 2003). 
These recent developments raise the question of whether targeted RNA 
recombination will retain interest only as an historic relic. We think that 
this is unlikely to be the case. It is more probable that each reverse ge- 
netic system will have its own specific advantages under a particular set 
of experimental circumstances. At this moment, one can only tentatively 
comment on the relative strengths and limitations of targeted RNA re- 
combination and infectious cDNAs for coronavirus reverse genetics. The 
targeted recombination system is at a fairly mature stage of develop- 
ment. By contrast, work with the infectious clone systems is sufficiently 
early in exploring their potentiality that it is not clear how hardy or ma- 
nipulable these systems may become. 

The capability of paramount value that is provided by the infectious 
clones, no matter what the burden in experimental labor, is access to 
gene 1. The capacity to site-specifically mutagenize the exceedingly large 
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viral RNA polymerase gene will undoubtedly play a major role in the ac- 
quisition of an understanding of the workings of this complex machin- 
ery. Except for its periphery, gene 1 is effectively out of the range of tar- 
geted RNA recombination, because the construction of donor RNA vec- 
tors entering this region is hindered by precisely the same technical 
problems that made the assembly of infectious cDNAs so formidable a 
task. A second unique characteristic of the infectious clones is their po- 
tential to provide the means by which the “passage zero” situation can 
be examined for intentionally lethal mutant constructs. This property 
has been elegantly and forcefully exploited with the infectious clone of 
equine arterivirus in the study of nidovirus RNA synthesis (van Dinten 
et al. 1997; Tijms et al. 2001; Pasternak et al. 2001). However, in order 
for similar studies to be executed with coronavirus infectious clones, 
platforms need to be devised that can produce ample amounts of viral 
genome (and its resulting gene 1 translation product) in the initial 
round of launch. This must be done without the generation of significant 
levels of other RNA species that have the propensity to confound analy- 
sis or interfere with RNA synthesis. As of this writing, the reported in- 
fectious clone systems are not yet sufficiently robust to enable these 
types of experiments. 

For work involving coronavirus structural genes, targeted RNA re- 
combination is likely to remain the method of choice for many studies. 
One reason for this is its relative ease of manipulation. The largest of the 
donor RNA vectors are still threefold smaller than an entire genome. 
Thus mutagenesis at the DNA level can generally be carried out without 
subcloning steps. A second strong asset of targeted recombination is 
that the host range-based selection system has demonstrated both its ef- 
ficiency, in straightforward isolation of desired mutants, and its power, 
in recovery of extremely defective mutants such as the M protein trunca- 
tion and the E gene deletion (Kuo and Masters 2002, 2003). Finally, tar- 
geted recombination lends itself well to studies involving domain ex- 
change between different proteins (Peng et al. 1995b), the exchange of 
genomic elements (Hsue and Masters 1997), or the creation of mutants 
containing multiple mutations. In these cases the system, through its 
own Selection of allowable crossover sites, can reveal which substitutions 
retain functionality and which are lethal. Related to this, the targeted re- 
combination system establishes a stringent criterion for the lethality of a 
given mutation. If markers, silent or otherwise, upstream and down- 
stream of the mutation in question can be transferred from a single do- 
nor RNA to progeny recombinants, while the mutation itself is excluded 
by multiple crossover events, then this argues strongly that the mutation 
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produces a lethal phenotype (de Haan et al. 1998; Hsue et al. 2000). In 
this situation the donor RNA provides its own internal control. As men- 
tioned above, a similarly convincing standard of lethality for the infec- 
tious clones will require a more vigorous RNA production at passage 
zero. The sum of these considerations makes it likely that targeted re- 
combination will serve a useful role in coronavirus genetics for some 
time to come. 
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Abstract Knowledge of coronavirus replication, transcription, and virus-host inter- 
action has been recently improved by engineering of coronavirus infectious cDNAs. 
With the transmissible gastroenteritis virus (TGEV) genome the efficient (>40 ug 
per 10° cells) and stable (>20 passages) expression of the foreign genes has been 
shown. Knowledge of the transcription mechanism in coronaviruses has been signif- 
icantly increased, making possible the fine regulation of foreign gene expression. A 
new family of vectors based on single coronavirus genomes, in which essential genes 
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have been deleted, has emerged including replication-competent, propagation-defi- 
cient vectors. Vector biosafety is being increased by relocating the RNA packaging 
signal to the position previously occupied by deleted essential genes, to prevent the 
rescue of fully competent viruses that might arise from recombination events with 
wild-type field coronaviruses. The large cloning capacity of coronaviruses (>5 kb) 
and the possibility of engineering the tissue and species tropism to target expression 
to different organs and animal species, including humans, has increased the poten- 
tial of coronaviruses as vectors for vaccine development and, possibly, gene therapy. 


1 
Introduction 


Reverse genetics for coronaviruses has been initially achieved by tar- 
geted recombination (Masters 1999) (see the chapter by Masters and 
Rottier, this volume). Recently, the first coronavirus infectious cDNA 
clones have been constructed for transmissible gastroenteritis coronavi- 
rus (TGEV) (Almazan et al. 2000; Yount et al. 2000), human coronavirus 
(HCoV) 229E (Thiel et al. 2001a) (see the chapter by Thiel and Siddell, 
this volume), severe and acute respiratory syndrome coronavirus 
(SARS-CoV) (Yount et al. 2003), mouse hepatitis virus (MHV) (Yount et 
al. 2002) (see the chapter by Baric and Sims, this volume), and avian co- 
ronavirus (Casais et al. 2001). 

The construction of virus vectors derived from RNA viruses is a com- 
prehensive process that for optimum performance requires at least (1) 
the availability of an infectious cDNA clone; (2) knowledge of the virus 
transcription mechanism to optimize mRNA levels; (3) determination of 
the essential and nonessential genes to create room for heterologous 
genes; (4) understanding of the molecular basis of virus tropism, in or- 
der to control the species- and tissue specificity of the vector; (5) control 
of virus virulence, in order to generate attenuated vectors; and (6) de- 
sign of a strategy for vector safety. In this chapter the progress on these 
aspects will be reviewed. The chapter will focus on the advances in the 
generation of virus vectors based on coronavirus genomes by reverse ge- 
netics, frequently using the TGEV genome as a model. 

TGEV is an enveloped virus containing an internal core (Fig. 1A), 
formed by the genomic RNA, the N protein, and the M protein carboxy- 
terminus. Dissociation of the core by chaotropic agents leads to the re- 
lease of a helical nucleoprotein composed of the genomic RNA and the 
N protein. All M protein molecules are embedded within the membrane. 
TGEV M protein presents two topologies. In one-third of the molecules 
both the amino and the carboxy terminus face the outside of the virion, 
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Fig. 1A, B. Coronavirus structure and genome organization. A Diagram of coronavi- 
rus structure using TGEV as a prototype. The scheme shows the envelope, the core, 
and the nucleocapsid structure. S, spike protein; M and M’, large membrane proteins 
with the amino terminus facing the external surface of the virion and the carboxy 
terminus toward the inside or the outside face of the virion, respectively; E, small 
envelope protein; N, nucleoprotein; NC, nucleocapsid. B Representation of a proto- 
type TGEV genome and subgenomic RNAs. Beneath the top bar a set of positive- 
and negative-sense mRNA species synthesized in infected cells is shown. Dark and 
semidark thin lines (+), mRNA sequences translated and nontranslated into viral 
proteins, respectively. Light lines (—), RNAs complementary to the different mRNAs. 
Poly(A) and Poly(U) tails are indicated by AAA or UUU. Rep 1a and Rep 1b, replicase 
genes; other acronyms as in A 


whereas in the other two-thirds the carboxy terminus is inside and is in- 
tegrated within the core, being essential to maintain its structure (Escors 
et al. 2001a, b). In addition, the virus envelope contains two other pro- 
teins, S and E (Enjuanes et al. 2000a). The S protein is responsible for 
attachment and entry into cells and is the major inducer of TGEV-neu- 
tralizing antibodies (Sufé et al. 1990). 

The TGEV genome is a single molecule of positive-sense, single- 
stranded RNA of 28.5 kb, which is infectious and contains eight func- 
tional genes, four of which, the spike (S), envelope (E), membrane 
(M), and nucleoprotein (N), encode structural proteins (Fig. 1B). The 
genes are arranged in the order 5'-Repla-1b-S-3a-3b-E-M-N-7-3’. TGEV 
mRNAs consist of seven to eight types of varying sizes, depending on 
the strain (Penzes et al. 2001). 
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2 
Pathogenesis Induced by Group 1 Coronaviruses 


Coronaviruses are classified in three groups according to genetic analy- 
sis (Gonzalez et al. 2003; Siddell 1995). Group 1 includes coronaviruses 
infecting human, porcine, canine, and feline species, closely related in 
sequence and, in some cases, also antigenically (Sanchez et al. 1990). 
Coronaviruses are associated mainly with respiratory, enteric, hepatic, 
and central nervous system diseases. In humans and fowl, coronaviruses 
primarily cause upper respiratory tract infections, whereas porcine and 
bovine coronaviruses establish enteric infections that result in severe 
economic loss (USDA 2002). Human CoV are responsible for 10%-20% 
of all common colds and have been implicated in gastroenteritis, high- 
and low-respiratory tract infections, and rare cases of encephalitis 
(Denison 1999). HCoV have also been associated with infant necrotizing 
enterocolitis (Resta et al. 1985) and are tentative candidates for multiple 
sclerosis (Denison 1999). Recently, a new SARS-CoV has emerged, in- 
fecting more than 8,000 people and causing more than 800 deaths in 
5 months (Drosten et al. 2003; Holmes and Enjuanes 2003; Marra et al. 
2003; Snijder et al. 2003; Thiel et al. 2003a). 

Epithelial cells are the main targets of porcine coronaviruses. Widely 
distributed cells such as macrophages are also infected. TGEV is an en- 
teropathogenic coronavirus that replicates in both villous epithelial cells 
of the small intestine and in lung cells. A nonenteropathogenic virus re- 
lated to TGEV, the porcine respiratory coronavirus (PRCV), appeared in 
Europe in the 1980s (Callebaut et al. 1988; Pensaert et al. 1986) and later 
on in North America (Vaughn and Paul 1993; Vaughn et al. 1995; Wesley 
et al. 1990b). This virus replicates to high titers in the respiratory tract 
and undergoes limited replication in submucosal cells of the small intes- 
tine (Cox et al. 1990a, b). In contrast to TGEV, PRCV infection of swine 
resulted no clinical signs of disease (Duret et al. 1988; Pensaert et al. 
1986; Wesley et al. 1990b). 

A TGEV-like disease was associated with porcine epidemic diarrhea 
coronavirus (PEDV) (Pensaert and De Bouck 1978). This virus, closely 
related to TGEV in sequence but antigenically distinct (Sanchez et al. 
1990), also infects the enteric tract of swine. Nevertheless, in contrast to 
TGEV, PEDV does not infect the lungs. Probably, TGEV and PEDV use 
different receptors, because TGEV easily grows in porcine cells whereas 
PEDV does not and, in contrast, PEDV replicates in monkey (Vero) 
cells only permissive to certain strains of TGEV (J.M. Sanchez and L. 
Enjuanes, unpublished data). 
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Canine coronavirus (CCoV) usually produces a mild gastroenteritis, 
although some virus strains cause a more severe and sometimes fatal di- 
arrhea. Feline coronavirus (FCoV) causes a disease involving an anti- 
body-dependent enhancement of infection and immunocomplex-in- 
duced lesions. Two serotypes of feline enteric coronavirus have been 
identified that cause feline infectious peritonitis by infecting macro- 
phages (Olsen 1993). 


3 
Engineering Coronavirus Genome 


Two types of expression vectors have been developed for coronaviruses 
(Fig. 2). One requires two components (helper-dependent expression sys- 
tem) (Fig. 2A) and the other a single genome that is modified either by 
targeted recombination (Masters 1999) (Fig. 2B.1) or by engineering a 
cDNA encoding an infectious RNA. Infectious cDNA clones are available 
for porcine (Fig. 2B.2 and B.3), human (Fig. 2B.4), avian, and murine 
coronaviruses as indicated above. Infectious cDNA clones have also been 
constructed for the Arteriviridae family closely related to coronaviruses 
(de Vries et al. 2000; Meulenberg et al. 1998; van Dinten et al. 1997). 


B.2. INFECTIOUS cDNAs ENGINEERED IN BACs 
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Fig. 2A, B. Coronavirus derived expression systems. A Helper-dependent expression 
system based on two components, the helper virus and a minigenome carrying the 
foreign gene (FG). An, poly A. B Single genome engineered by targeted recombina- 
tion (B.1), by assembling an infectious cDNA clone derived from TGEV genome in 
BACs (B.2), by the in vitro ligation of six cDNA fragments (B.3), or by using 
poxviruses as the cloning vehicle (B.4) 
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An infectious coronavirus cDNA clone was first obtained for TGEV 
(Almazan et al. 2000; Gonzalez et al. 2002). The strategy used to clone 
this cDNA was based on three points: (1) The construction was started 
from a defective minigenome (DI) that was stably and efficiently repli- 
cated by helper viruses (Izeta et al. 1999). During the filling in of mini- 
genome deletions, a cDNA fragment that was toxic to the bacterial host 
was identified. This fragment was reintroduced into the cDNA in the last 
cloning step. (2) Transcription of the long coronavirus RNA genome, in- 
cluding a 5’ cap, in the nucleus is essential for its infectivity. The RNA 
was expressed in a process mediated by the recognition of the cytomeg- 
alovirus (CMV) promoter by the cellular polymerase II. This process 
was followed by a second amplification in the cytoplasm driven by the 
viral polymerase and (3) increase of viral cDNA stability within bacteria 
by cloning the cDNA as a bacterial artificial chromosome (BAC) produc- 
ing a maximum of two plasmid copies per cell. Following this procedure, 
an infectious TGEV cDNA clone that produces a virulent virus infect- 
ing both the enteric and the respiratory tract of swine was engineered 
(Almazan et al. 2000). The stable propagation of a TGEV full-length 
cDNA in bacteria as a BAC has been improved by the insertion of an in- 
tron to disrupt the toxic region identified in the viral genome (Fig. 3) 
(Gonzalez et al. 2002). The viral RNA was transcribed in the cell nucleus 
under the control of the CMV promoter, and the intron was efficiently 
removed during translocation of this RNA to the cytoplasm. Intron in- 
sertion in two different positions allowed stable plasmid amplification 
for at least 200 generations. Infectious TGEV was efficiently recovered 
from cells transfected with the modified cDNAs. The great advantage of 
this system is that coronavirus reverse genetics only involves standard 
recombinant DNA technologies performed within bacteria. The experi- 
ence in our laboratory over more than 5 years has proven that this ap- 
proach leads to the efficient rescue of mutants in all viral genes. 

A second procedure to assemble a full-length infectious construct of 
TGEV was based on the in vitro ligation of six adjoining cDNA sub- 
clones that spanned the entire TGEV genome. Each clone was engi- 
neered with unique flanking interconnecting junctions that determine a 
precise assembly with only the adjacent cDNA subclones, resulting in a 
full-length TGEV cDNA. In vitro transcripts derived from the full-length 
TGEV construct were infectious (Yount et al. 2000). 

An infectious cDNA clone has also been constructed for HCoV-229E 
(Thiel et al. 2001a), another member of the Group 1 coronaviruses, 
MHV (Yount et al. 2002) (see the chapter by Baric and Sims, this vol- 
ume) and SARS-CoV (Yount et al. 2003), which are Group 2 coronavirus 
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Fig. 3A, B. Intron insertion to stabilize TGEV full-length cDNA. A Strategy for the in- 
sertion of the 133-nt intron at the indicated positions of the TGEV sequence. B Anal- 
ysis of the three intron-containing TGEV full-length cDNAs in E. coli cells. The 
EcoRI-Xhol restriction patterns of the three plasmids extracted from E. coli cells 
grown for the indicated number of generations are shown. Arrows indicate disap- 
pearance or appearance of a band. M, molecular mass markers 


members, and IBV (Casais et al. 2001), a member of coronavirus Group 
3. cDNA copies of the HCoV-229E and the MHV genomes have been 
cloned and propagated in vaccinia virus. Briefly, the full-length genomic 
cDNA clone of HCoV-229E is assembled by in vitro ligation and then 
cloned into the vaccinia virus DNA under the control of the T7 promot- 
er. Recombinant vaccinia viruses containing the HCoV-229E genome are 
recovered after transfection of the vaccinia virus DNA into cells infected 
with fowlpox virus. In a second phase, the vaccinia virus DNA is purified 
and used as a template for in vitro transcription of HCoV-229E genomic 
RNA, which is transfected into susceptible cells for the recovery of infec- 
tious recombinant coronavirus. An IBV cDNA clone was assembled us- 
ing the same strategy reported for HCoV-229E with some modifications. 
Similarly to HCoV-229E, the IBV genomic cDNA is assembled down- 
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stream of the T7 promoter by in vitro ligation and cloned into the vac- 
cinia virus DNA. However, recovery of recombinant IBV is done after in 
situ synthesis of infectious IBV RNA by transfection of restricted recom- 
binant vaccinia virus DNA (containing the IBV genome) into primary 
chicken cells previously infected with a recombinant fowlpox expressing 
T7 RNA polymerase. 

A replicon has been constructed with the HCoV-229E genome (Thiel 
et al. 2001b). This replicon included the 5’ and 3’ ends of the HCoV- 
229E genome, the replicase gene of this virus, and a reporter gene cod- 
ing for green fluorescent protein (GFP). RNA transcribed from this 
cDNA and transfected into BHK-21 cells led to only 0.1% of the cells 
showing strong fluorescence. This indicated that the coronavirus repli- 
case gene products suffice for discontinuous subgenomic mRNA tran- 
scription, in agreement with the requirements for the arterivirus repli- 
case (Molenkamp et al. 2000). Nevertheless, coexpression of N protein 
seems to increase rescue efficiency of infectious virus from cDNAs 
(Almazan et al. 2004; Thiel et al. 2003b; Yount et al. 2000), although this 
issue has not been systematically addressed. 

A collection of replicons derived from the TGEV genome has also 
been constructed (Almazan et al. 2004). These replicons were launched 
from the cell nucleus with the CMV promoter, were efficiently rescued 
in the presence of N protein, expressed a heterologous gene in more 
than 83% of transfected cells, and had low or no cytopathogenicity for 
human cells. 


4 
Essential Genes Required for TGEV Replication 


One of the most distinguishing features of the nidovirus genome is the 
conservation of the domain organization in the polyproteins ppla and 
pplab, involved in genome replication, which are expressed by ribosom- 
al frameshifting and polyprotein cleavage by viral proteases. A compara- 
tive analysis of replicative polyproteins of coronaviruses and arterivirus- 
es identified the most variable regions in the N-terminal half of ppla 
(Bonilla et al. 1994; Lee et al. 1991; Nelsen et al. 1999). Further insight 
into the Coronaviridae family showed some conserved domains in the 
ppla/pp1b polyproteins between coronaviruses and toroviruses. The ob- 
servation that some domains are not conserved in all coronaviruses and 
toroviruses indicated that these might be nonessential for the viral life 
cycle. In addition, all conserved arterivirus domains were found to be 
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smaller than their coronavirus counterparts, indicating that some se- 
quences in the coronavirus genome could be dispensable for virus 
replicative functions (Gorbalenya 2001). Nevertheless, attempts to delete 
the replicase nonconserved domains to determine whether they are es- 
sential have not yet been made. 

ORFs 3a, 3b, and 7 of TGEV encode nonstructural proteins (Enjuanes 
and Van der Zeijst 1995; Ortego et al. 2003; Sola et al. 2003) that are 
nonessential for virus replication in cell culture. Although in the enteric 
and virulent Miller strain of TGEV expression of mRNAs from ORFs 3a 
and 3b has been observed, another virulent TGEV isolate (McGoldrick 
et al. 1999) includes a large deletion in ORF 3a, suggesting that this ORF 
is not required for replication in the enteric tract or to lead to virulent 
isolates. In other attenuated TGEV strains with a growth essentially lim- 
ited to the respiratory tract, including the Purdue strain, the subgenom- 
ic MRNA corresponding to ORF 3b is not transcribed because this gene 
is preceded by a noncanonical transcription-regulating sequence (TRS) 
(O’Connor and Brian 1999, 2000; Wesley et al. 1989). These PRCV vari- 
ants have deletions of varying sizes within ORF 3a and 3b (Vaughn et al. 
1995; Wesley et al. 1991). The lack of enteric tropism and attenuation of 
these TGEV strains has been associated with a deletion of around 670 nt 
located at the 5’ end of the S gene and not with deletion of genes 3a and 
3b (Sanchez et al. 1992, 1999). 

The engineering of a TGEV genome with all the genes separated by 
unique restriction endonuclease sites (Ortego et al. 2003) allowed the 
systematic deletion of each ORF to analyze whether they are essential or 
dispensable for virus growth (Fig. 4). TGEV with deleted 3a and 3b 
genes (rTGEV-A3) showed growth kinetics and mRNAs levels similar to 
those of the parental virus in cell cultures, demonstrating that the dele- 
tion of ORFs 3a and 3b did not affect either viral replication or tran- 
scription. In in vivo experiments, rfGEV-A3 virus kept the replication 
efficiency and tropism of the wild-type virus with a very small reduction 
in virulence, confirming that these properties were not significantly in- 
fluenced by genes 3a and 3b (Sola et al. 2003). 

TGEV ORE 7 is located downstream of the essential N gene. With the 
TGEV infectious cDNA clone including unique engineered restriction 
endonuclease sites, a deletion mutant was generated (rTGEV-A7) in 
which gene 7 expression has been abrogated (Ortego et al. 2003). The 
rTGEV-A7 contained a deletion spanning 21 nt upstream of the ORF 7 
AUG and the first nucleotides of this ORF. Recombinant rTGEV-A7 
showed standard kinetics in cell culture, indicating that the protein en- 
coded by gene 7 was not essential for TGEV replication in tissue culture 
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Fig. 4. Essential genes required for TGEV replication. The diagram shows a scheme 
of the TGEV genome in which the partial overlapping between genes has been re- 
solved by duplicating sequences at the 5’ end of each gene, starting at gene S, in or- 
der to be able to delete a gene without affecting the expression of the flanking ones. 
The duplicated sequences include termination codons of the preceding gene and 
TRSs including the CS (5’-CUAAAC-3’). In addition, the indicated unique restriction 
endonuclease sites (top of the bars) were introduced to create insertion sites for het- 
erologous genes. The name of the gene is indicated on top of each bar 


(Ortego et al. 2003; Sola et al. 2003). Interestingly, in vivo infection with 
rTGEV-A7 showed an additional reduction in virus replication in the 
lung and gut compared with the parental virus and in virulence, indicat- 
ing that TGEV gene 7 influences virus pathogenesis (Ortego et al. 2003). 


5 
Transcription-Regulating Sequences 


To optimize virus vector expression levels it is essential to improve (1) 
replication levels without increasing virulence, (2) the accumulation lev- 
els of total mRNA, and (3) translation from mRNA. These objectives can 
only be achieved by knowing the mechanisms involved in these process- 
es. To accomplish this goal, a brief review of mRNA transcription in co- 
ronavirus (particularly TGEV) is provided. 

Coronavirus RNA synthesis occurs in the cytoplasm via a negative- 
strand RNA intermediate that contains short stretches of oligo(U) at the 
5’ end. Both genome-size and subgenomic negative-strand RNAs, which 
correspond in number of species and size to those of virus-specific mR- 
NAs, have been detected (Brian 2001; Sawicki et al. 2001). Coronavirus 
mRNAs have a leader sequence at their 5’ ends. Preceding every tran- 
scription unit on the viral genomic RNA, there is a conserved core 
sequence (CS) that is identical to a sequence located at the 3’ end of the 
leader sequence (CS-L). This sequence motif constitutes part of the sig- 
nal for subgenomic mRNA transcription. The common 5’ leader se- 
quence is only found at the very 5’ terminus of the genome, which im- 
plies that the synthesis of subgenomic mRNAs involves fusion of non- 
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contiguous sequences. The mechanism involved in this process is under 
debate; nevertheless, the discontinuous transcription during negative- 
strand RNA synthesis model is compatible with most of the experimental 
evidence (Pasternak et al. 2001; Sawicki et al. 2001; van Marle et al. 1999; 
Zuniga et al. 2004) (see chapter by Sawicki and Sawicki, this volume). As 
the leader-mRNA junction occurs during synthesis of the negative 
strand, within the sequence complementary to the CS (cCS), the nature 
of the CS is considered crucial for mRNA synthesis. 

The CS motif includes six nucleotides that are highly conserved in all 
the genes of the same coronavirus (Fig. 5A). In addition, the 5’ and 3’ 
flanking sequences are partially conserved in the different genes of relat- 
ed viruses and these flanking sequences influence the activity of the CS 
(Fig. 5A) (Alonso et al. 2002a). Therefore, we consider that the TRSs 
could be divided into three sequence blocks, the CS, and the 5’ (5'-TRS) 
and 3’ (3’-TRS) flanking sequences (Fig. 5B). The most frequently used 
CS of coronaviruses belonging to Group 1 (hexamer 5’-CUAAAC-3’) and 
Group 2 (heptamer 5’-UCUAAAC-3’) share homology (Fig. 5C), whereas 
the CS of coronaviruses belonging to Group 3, like that of IBV, has the 
most divergent sequence (5’-CUUAACAA-3’) (Fig. 5B). Also, arterivirus 
CSs have a sequence (5’-UCAACU-3’) that partially resembles that of 
IBV. 

Transcription levels may be influenced by many factors. Three of 
these, probably the most relevant, are as follows. (1) Potential base-pair- 
ing between the leader 3’ end and sequences complementary to the TRS 
preceding the “body” (coding sequence) (cTRS-B), which guide the fu- 
sion between the nascent negative strand and the leader TRS. A mini- 
mum complementarity is required between the TRS located at the end of 
the leader (TRS-L) and the cTRS-B of each gene. Although several stud- 
ies on the effect of the extension of this complementarity on mRNA syn- 
thesis have been performed (Alonso et al. 2002a; Joo and Makino 1992; 
La Monica et al. 1992; Makino and Joo 1993; Makino et al. 1991; Shieh et 
al. 1987; van der Most et al. 1994) the length of optimum TRSs has not 
been accurately defined. (2) Proximity of a gene to the 3’ end. Because 
the TRSs are considered slow down or stop signals for the replicase 
complex, the smaller mRNAs should be the most abundant. Although 
this has been shown to be the case in the Mononegavirales (Wertz et al. 
1998), and in coronaviruses shorter mRNAs are generally more abun- 
dant, the relative abundance of coronavirus mRNAs is not strictly relat- 
ed to their proximity to the 3’ end (Alonso et al. 2002a; Penzes et al. 
2001). (3) Potential interaction of proteins with the TRS RNA and pro- 
tein-protein interactions that could regulate transcription levels. The as- 
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Fig. 5A-C. Coronavirus transcription-regulating sequences. A TRSs from two Group 
1 CoVs (TGEV and HCoV-229E). CSs sequences are represented in white letters in- 
side dark boxes. Yellow boxes highlight the identity among the sequences immedi- 
ately flanking the CS at both 5’ and 3’ ends. B Group 1 coronavirus TRS sequence, 
including the highly conserved CS sequence (5’-CUAAAC-3’) and the flanking 5’ 
and 3’ TRS. C Sequence of the most frequently used CS of coronaviruses and ar- 
teriviruses 


sociation of the nascent RNA chain with the leader TRS is probably me- 
diated by the approximation of the TRS-L to the TRS-B of each gene 
through RNA-protein and protein-protein interactions. 

The influence of the CS in transcription has been analyzed in detail in 
the arteriviruses (Pasternak et al. 2001, 2003; van Marle et al. 1999) and 
in coronaviruses (Alonso et al. 2002a; Zuniga et al. 2004). With infec- 
tious cDNA clones of EAV and TGEV it has been shown that mRNA syn- 
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thesis requires base-pairing interaction between the leader TRS and a 
cTRS in the nascent viral negative strand. The construction of double 
mutants in which a mutant leader CS was combined with the corre- 
sponding mutant of the body CS resulted in the restoration of the specif- 
ic mRNA synthesis, initially suggesting that the sequence of the CS per 
se is not crucial, as long as the possibility for CS base-pairing is main- 
tained. Nevertheless, it has been shown that other factors, besides lead- 
er-body base-pairing, also play a role in mRNA synthesis and that the 
primary sequence (or secondary structure) of TRSs may dictate strong 
base preferences at certain positions (Pasternak et al. 2001). Detailed 
analyses of the TRSs used in the arteriviruses (van Marle et al. 1999), 
MHV (Zhang and Liu 2000), BCoV (Ozdarendeli et al. 2001), and TGEV 
(Sola et al. 2003; Zuniga et al. 2004) indicate that noncanonical CS se- 
quences may also be used for strand transfer in the discontinuous 
mRNA synthesis in the Nidovirales. 


5.1 
Control of Transcription in TGEV 


Template switching during synthesis of the negative RNA to join the 
leader is probably mediated by RNA-protein and protein-protein inter- 
actions (Fig. 6). In the RNA-protein interaction, primary or secondary 
RNA structure of sequences flanking the CS are probably involved. 
Therefore, identification of the nature and size of these sequences 
should help to understand the transcription mechanism. In TGEV, the 
TRSs have been characterized with a helper-dependent expression sys- 
tem based on coronavirus minigenomes, by studying the synthesis 
of subgenomic RNAs (sgmRNAs). TGEV TRSs include the CS (5’- 
CUAAAC-3’), which promotes from 100- to 1,000-fold increase of mRNA 
synthesis when this CS is located in the appropriate context (i.e., flanked 
by the appropriate 5’ and 3’ sequences) (Alonso et al. 2002a). The rele- 
vant sequences contributing to TRS activity have been studied by ex- 
tending the CS 5’ upstream and 3’ downstream. Sequences from virus 
genes flanking the CS influenced transcription levels from moderate 
(10- to 20-fold variation) to complete mRNA synthesis silencing. For ex- 
ample, a canonical CS at nt 120 downstream of the initiation codon of 
the S gene did not lead to production of the corresponding mRNA be- 
cause of the nature of the flanking sequences (Alonso et al. 2002a). The 
effect of 5’ flanking sequences on transcription has also been studied us- 
ing full-length genomes by inserting between genes N and 7 an expres- 
sion cassette identical to those studied in the minigenome. The highest 
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Fig. 6A-C. Diagram of the elements involved in coronavirus transcription. A Se- 
quence elements probably involved in the discontinuous synthesis of the negative 
RNA strand. CS-L and CS-B, leader and body CSs; TRS-L and TRS-B, transcription- 
regulating sequences from leader and body; An, Poly(A). B Scheme of the discontin- 
uous transcription during negative-strand synthesis and of the sequence elements 
involved. cCS-B and cTRS-B represent the CS-B and TRS-B complementary se- 
quences, respectively; Un, Poly(U). C Leader and body sequences are probably locat- 
ed in close proximity in higher-order structures maintained by RNA-protein and 
protein-protein interactions 


ratio of mRNA to genomic RNA was reached with 5’ TRSs of about 88 nt, 
in agreement with the results obtained with the minigenomes and con- 
firming the importance of sequences flanking the CS 5’ end (Alonso et 
al. 2002a). 

The influence of 3’ TRSs on sgmRNA synthesis has also been studied 
with helper-dependent expression systems (minigenomes) encoding 
GUS in which the CS 5’ flanking sequences of the expression cassette 
were maintained constant. In seven constructs the CS was flanked at the 
3’ end by each of the sequences flanking the CS in the virus genes S, 3a, 
3b, E, M, N, and 7. In addition, another construct was designed to ex- 
tend in 12 nucleotides the potential base-pairing between the 3’ end of 
the leader and cTRS. In this construct, the added nucleotides were iden- 
tical to those present in the gnnomic RNA downstream of the CS present 
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at the 3’ end of the leader. GUS expression by minigenomes with the CS 
3’ flanking sequences derived from the different virus genes differed by 
10-fold, being maximum for minigenomes with a 3’ TRS derived from M 
gene or with an extended complementarity to TRS-L. The results indi- 
cated that CS 3’ flanking sequences have a large influence on sgmRNA 
accumulation and on protein synthesis (Alonso et al. 2002a). With the 
helper-dependent expression system, an optimized TRS has been de- 
signed comprising 88 nt from the N gene 5’ TRS, the CS, and 3 nt from 
the M gene 3’ TRS. 

With full-length TGEV genomes, the insertion of a cassette for ex- 
pressing heterologous genes between the N and 7 viral genes led to a 
new genetic organization of the 3’ end of recombinant viruses. As a con- 
sequence, a major species of ssgmRNAs were generated from the non- 
canonical CS 5'-CUAAAA-3’. It was shown that extension of complemen- 
tarity between CS flanking sequences and leader RNA was associated to 
transcription activation from a noncanonical CS. This observation sug- 
gests that additional base-pairing between the leader RNA and se- 
quences flanking the CS motif could compensate for the absence of com- 
plete complementarity between leader and noncanonical CSs at the junc- 
tion site (Sola et al. 2003; Zuniga et al. 2004). Interestingly, other non- 
canonical CSs identical to the one described above (5’-CUAAAA-3’), 
present throughout the TGEV genome, did not promote transcription. 
These data confirm that in full-length coronavirus genomes the se- 
quences flanking the CS also play a major role regulating sgmRNA ex- 
pression levels. 

The role of base-pairing between the nascent minus-strand RNA syn- 
thesized during transcription and the TRS-L was studied with full-length 
TGEV genomes (Zufliga et al. 2004). Each nucleotide of the leader CS 
and the CS located 5’ upstream of the nonessential gene 3a were mutated 
to prevent base-pairing between the TRS-L and cTRS-B. In a parallel set 
of experiments, complementary mutations or mutations to preserve 
non-Watson-Crick base-pairing were also introduced. Interestingly, the 
relative amounts of mRNA transcribed were related to the free energy 
(AG) of TRS-L to cTRS-B duplex formation (Zufiga et al. 2004). 

Overall, these data indicated that complementarity between the 
TRS-L and the nascent negative RNA strand plays a major role in coro- 
navirus transcription regulation. The experimental data are compatible 
with a working model for coronavirus transcription that includes three 
steps (Fig. 7) (Zufiga et al. 2004): (1) interaction between the 5’ and 3’ 
ends of coronavirus genome to bring the TRS-L in close proximity to 
nascent minus RNA; (2) continuous base-pairing scanning between the 
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Fig. 7A-C. Three-step working model of coronavirus transcription. A 5-3’ complex 
formation step. Proteins binding the 5’ and 3’ end TGEV sequences are represented 
by the green balls. Leader sequence is colored in red, CS sequences are colored in 
yellow. An, poly(A) tail. B Base-pairing scanning step. Minus-strand RNA is in a 
lighter color compared with positive-strand RNA. The transcription complex is rep- 
resented by the hexagon. Vertical dotted bars represent the base-pairing scanning by 
the TRS-L sequence in the transcription process. Vertical solid bars indicate comple- 
mentarity between gRNA and the nascent minus strand. Un, poly(U) tail. C Template 
switch step. The thin arrow indicates the switch in the template made by the tran- 
scription complex to complete the synthesis of (—) sgRNA 
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TRS-L and the nascent minus RNA strand; and (3) decision between 
template switch to copy the leader or continuation of RNA synthesis us- 
ing as template contiguous genome sequences. This model explains the 
formation of sgmRNAs of different length and the synthesis of alterna- 
tive sgmRNAs in sequence domains with high sequence identity with 
the TRS-L, observed by sequencing more than 90 leader-to-body junc- 
tions of sgmRNA generated by introducing point mutations within CS-L 
and the CS-B preceding the gene 3a (Zufiiga et al. 2004). 


5.2 
Effect of TRS Copy Number on Transcription 


Studies on coronavirus transcription were performed with more than 
one contiguous TRS in order to express the same mRNA. The accumu- 
lated sgmRNA remained nearly the same for constructs with one, two, 
or three TRSs, and transcription preferentially occurred in all cases at 
the 3’-most TRS (Joo and Makino 1995; Krishnan et al. 1996; Stirrups et 
al. 2000; van Marle et al. 1995). A similar result was obtained by using 
arterivirus recombinant viruses in which three TRSs were introduced 
(Pasternak et al. 2004). 


6 
Expression Systems Based on Group 1 Coronaviruses 


Coronaviruses have several advantages as vectors over other viral ex- 
pression systems: (1) Coronaviruses are single-stranded RNA viruses 
that replicate in the cytoplasm without a DNA intermediary, making in- 
tegration of the virus genome into the host cell chromosome unlikely 
(Lai and Cavanagh 1997). (2) These viruses have the largest RNA virus 
genome and, in principle, have room for the insertion of large foreign 
genes (Enjuanes et al. 2000a; Masters 1999). (3) A pleiotropic secretory 
immune response is best induced by the stimulation of gut-associated 
lymphoid tissues. Because coronaviruses in general infect mucosal sur- 
faces, both respiratory and enteric, they may be used to target the anti- 
gen to the enteric and respiratory areas to induce a strong secretory im- 
mune response. (4) The tropism of coronaviruses may be engineered by 
modifying the S gene (Ballesteros et al. 1997; Kuo et al. 2000; Leparc- 
Goffart et al. 1998; Sanchez et al. 1999). (5) Nonpathogenic coronavirus 
strains infecting most species of interest (human, porcine, bovine, ca- 
nine, feline, and avian) are available and therefore suitable to develop 
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safe virus vectors. (6) Infectious coronavirus cDNA clones are available 
to design expression systems. 


6.1 
Helper-Dependent Expression Systems 


Helper-dependent expression systems have been developed for coron- 
aviruses from Groups 1, 2, and 3 (Enjuanes et al. 2001). Expression sys- 
tems based on Group 1 coronaviruses have been developed for the por- 
cine and human coronaviruses, because minigenomes are only available 
for these two coronavirus species. With TGEV-derived minigenomes an 
expression system has been assembled (Izeta et al. 1999). TGEV-derived 
RNA minigenomes were successfully transcribed in vitro with T7 poly- 
merase and amplified after transfection into susceptible cells infected 
with a helper virus. TGEV-derived minigenomes of 3.3 (M33), 3.9 
(M39), and 5.4 (M54) kb were efficiently used for the expression of het- 
erologous genes (Alonso et al. 2002a, b). The smallest minigenome effi- 
ciently replicated and encapsidated by the helper virus was 3.3 kb in 
length (Izeta et al. 1999), although it has been shown that for replication 
and packaging of minigenomes including the £-glucuronidase (GUS) 
gene the most 5’ 649 nt and the most 3’ 278 nt may be sufficient (Escors 
et al. 2003). 

With the M39 minigenome, a two-step amplification system was de- 
veloped based on the cloning of a cDNA copy of the minigenome behind 
the CMV promoter (Izeta et al. 1999). Minigenome RNA is first tran- 
scribed in the nucleus by the cellular RNA pol IJ, and the RNA is then 
translocated into the cytoplasm, where it is amplified by the replicase of 
the helper virus. GUS and a surface glycoprotein (ORF5) that is the ma- 
jor protective antigen of the porcine respiratory and reproductive syn- 
drome virus (PRSSV) have been expressed using this vector (Alonso et 
al. 2002b). GUS expression levels with an optimized TRS ranged between 
2 and 8 wg of protein per 10° cells. Protein levels were dependent on the 
extent of transcription and also on translation regulation because the 
presence of an appropriate Kozak context led to higher protein expres- 
sion levels (Alonso et al. 2002a). Expression of GUS gene and PRRSV 
ORF5 with these minigenomes has been demonstrated in the epithelial 
cells of alveoli and in scattered pneumocytes of swine lungs, which led 
to the induction of a strong immune response to these antigens (Alonso 
et al. 2002b). 

HCoV-229E, another member of coronavirus Group 1, has also been 
used to express new sgmRNAs (Thiel et al. 1998). A synthetic RNA in- 
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cluding 646 nt from the 5’ end plus 1,465 nt from the 3’ end was ampli- 
fied by the helper virus. Nevertheless, little information has been pro- 
vided on the expression of heterologous genes with this system. 

Most of the work in coronavirus Group 2 helper-dependent systems 
has been done with MHV defective RNAs (Liao et al. 1995; Lin and Lai 
1993; Zhang et al. 1997). Three heterologous genes have been expressed 
with the MHV system, chloramphenicol acetyltransferase (CAT), hemag- 
glutinin-esterase (HE), and interferon-y (IFN-y). Expression of CAT or 
HE was detected only in the first two passages because the minigenome 
used lacks the packaging signal (Liao and Lai 1995). When virus vectors 
expressing CAT and HE were inoculated intracerebrally into mice, HE- 
or CAT-specific subgenomic mRNAs were only detected in the brains at 
days 1 and 2, indicating that the genes in the DI vector were expressed 
only in the early stage of viral infection (Zhang et al. 1998). An MHV DI 
RNA was also developed as a vector for expressing IFN-y. The murine 
IFN-y was secreted into culture medium as early as 6 h after transfection 
and reached a peak level at 12 h. No inhibition of virus replication was 
detected with the IFN-y produced by the DI RNA in cell cultures, but in- 
fection of susceptible mice with DI RNA producing IFN-y caused signifi- 
cantly milder disease, accompanied by less virus replication than that 
caused by virus containing a control DI vector (Lai et al. 1997; Zhang et 
al. 1997). 

Group 3 coronavirus-derived helper-dependent expression systems 
are based on IBV. A defective RNA (CD-61) derived from the Beaudette 
strain of the IBV virus was used as an RNA vector for the expression of 
two reporter genes, luciferase and CAT (Penzes et al. 1996; Stirrups et al. 
2000). With IBV minigenomes, CAT expression levels between 1 and 
2 pg per 10° cells have been described. Therefore, the highest expression 
levels have been obtained with a two-step amplification system based on 
TGEV-derived minigenomes with optimized TRSs (Alonso et al. 2002a; 
Izeta et al. 1999). 

Expression systems based on minigenomes have the advantage of a 
large cloning capacity, but with the limitation of a reduced stability. For 
instance, TGEV-derived helper-dependent expression systems express- 
ing GUS or PRRSV ORF5 synthesized the heterologous gene for more 
than five passages, but at this time smaller minigenomes were detected 
that finally displaced the larger ones (Alonso et al. 2002b). 
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6.2 
Single Genome Coronavirus Vectors 


Coronavirus expression systems based on Group 1 viruses have been de- 
rived from TGEV and HCoV-229E. With a TGEV infectious cDNA, the 
GFP gene of 0.72 kb was cloned in two positions of the RNA genome, ei- 
ther by replacing the nonessential 3a and 3b genes or between genes N 
and 7. The engineered genome with the GFP gene at the position of 
ORFs 3a and 3b was very stable (>30 passages in cultured cells) and led 
to the production of high protein levels (50 ug/ 10°cells) (Fig. 8) (Sola et 
al. 2003). Therefore, expression levels with coronavirus-based vectors 
are similar to those described for vectors derived from other positive- 
strand RNA viruses such as Sindbis virus (Agapov et al. 1998; Frolov et 
al. 1996). The stability of viruses with expression cassettes at different 
positions was variable. For instance, GFP or GUS expression units in- 
serted between genes N and 7 led to unstable viruses (Alonso et al. 2004; 
Sola et al. 2003). With TGEV-derived vectors expressing GFP, the acqui- 
sition of immunity by newborn piglets breast-fed by immunized sows 
(i.e., lactogenic immunity) was demonstrated (Sola et al. 2003). 

Recombinant TGEVs have also been assembled by in vitro junction of 
six CDNA fragments encoding a full-length genome, in which GFP gene 
has replaced ORF3a, leading to the production of a TGEV that grew to 
titers of 10° pfu/ml and expressed GFP in a high proportion of cells 
(Curtis et al. 2002). 

HCoV-229E has also been used as the base for expression systems us- 
ing either the full-length infectious cDNA clone (Thiel et al. 2001a) or an 
autonomous replicating subgenomic RNA (replicon) (Thiel et al. 2003b) 
(see chapter by Thiel and Siddell, this volume). In each case, it has been 
shown that it is possible to insert transcriptional cassettes. 

An infectious cDNA clone for Group 2 coronaviruses has been con- 
structed for MHV (Yount et al. 2002). This system will provide signifi- 
cant advantages in the analysis of coronavirus replication and transcrip- 
tion by complementing a large collection of temperature-sensitive mu- 
tants of MHV. Reverse genetics in coronaviruses of Group 2 has also 
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Fig. 8A-C. GFP expression levels with coronavirus based vectors. A Schemes of BACs 
containing the TGEV genome in which an expression cassette with the GFP gene has 
been inserted replacing genes 3a and 3b (top bar) or between genes N and 7 (lower 
bar), respectively. B The relative proportion of cells expressing GFP was evaluated by 
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cytofluorometry. C The amount of protein synthesized by the virus vectors with ex- 
pression modules inserted at genes 3a and 3b (A3) or between genes N and 7 (N), 
using TRSs from gene 3a (TRS3a) or from gene N (TRSN) was analyzed by Western 
blot with GFP-specific monoclonal antibodies (aGFP). The amount of viral nucleo- 
protein was evaluated in the same samples with N-specific monoclonal antibodies 
(aN) as an internal control 
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been efficiently performed by targeted recombination between a helper 
virus and either nonreplicative or replicative coronavirus-derived RNAs 
and was also used to express heterologous genes. For instance, the gene 
encoding GFP was inserted into MHV between the S and E genes, result- 
ing in the creation of the largest known RNA viral genome (Fischer et al. 
1997). Coronavirus expression systems derived from Group 3 coronavi- 
rus are based on infectious IBV cDNA clones assembled with a strategy 
similar to that reported for HCoV-229E (Casais et al. 2001) (see chapter 
by Baric and Sims, this volume). 


6.3 
Replication-Competent, Propagation-Deficient Coronavirus-Derived 
Expression Systems 


Replication-competent, propagation-deficient virus vectors, based on 
TGEV genomes deficient in the essential gene E obtained with E* pack- 
aging cell lines have been developed (Ortego et al. 2002). Two types of 
cell lines expressing TGEV E protein have been selected (Fig. 9). One cell 
line transiently expresses E protein using the noncytopathic Sindbis vi- 
rus replicon pSINrep21 (Frolov et al. 1999). Another cell line was ob- 
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Fig. 9A, B. Rescue of recombinant TGEV-AE from cDNA in cells transiently or stably 
expressing E protein. A Titer of recombinant TGEVs rescued from cDNA in BHK 
cells expressing porcine aminopeptidase N (pAPN) (CE ) or the same cells tran- 
siently expressing TGEV E protein (CE") with a Sindbis virus replicon. Cells were 
transfected either with rTGEV-wt (Vwt) or with rTGEV-AE virus (VAE). B Titer of 
recombinant TGEVs rescued from cDNA in BHK cells expressing pAPN (CE ) or the 
same cells stably expressing TGEV E protein (CE") under the control of the CMV 
promoter. Cells were transfected either with rTGEV-wt (Vwt) or with rTGEV-AE vi- 
rus (VAE). Error bars represent standard deviations of the mean from four experi- 
ments 
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tained in which the E gene is stably expressed under the control of CMV 
promoter. Recombinant TGEVs, deficient in the essential E gene, 
reached high titers (1x10’ pfu/ml) in cells transiently expressing the 
TGEV E protein, whereas this titer was up to 5x10° pfu/ml in packaging 
cell lines stably expressing E protein. Virus titers were directly related to 
E protein expression levels (Ortego et al. 2002). Recovered virions 
showed the same morphology and stability at different pH and tempera- 
tures from the wild-type virus. The titers of the rescued viruses will 
most probably be increased by transforming new cell types with higher 
TGEV replication levels, leading to efficacious expression systems, or by 
increasing E protein accumulation. 

A second strategy for the construction of replication-competent, 
propagation-deficient TGEV genomes expressing heterologous genes in- 
volves the assembly of an infectious cDNA from six cDNA fragments lig- 
ated in vitro (Curtis et al. 2002). The defective virus with the essential E 
gene deleted was complemented by the expression of E gene using the 
Venezuelan equine encephalitis (VEE) replicon. However, titers of re- 
combinant virus expressing the GFP were at least 10- to 100-fold lower 
(around 10* pfu/ml) than with the system that used stably transformed 
cells or the Sindbis virus vector to complement E gene deletion (Ortego 
et al. 2002). 

A multigene RNA replicon based on HCoV-229E has been developed 
(Thiel et al. 2003b) containing the 5’ and 3’ ends of this virus, the entire 
human coronavirus replicase gene, and three reporter genes [i.e., CAT 
gene, luciferase (LUC) gene, and the GFP gene]. Each reporter gene is 
located downstream of a human coronavirus TRS, which is required for 
the synthesis of individual mRNAs. The transfection of the vector and 
human coronavirus nucleocapsid protein mRNA into BKH-21 cells re- 
sulted in the expression of the CAT, LUC, and GFP reporter proteins. In 
addition, it has been shown that human coronavirus-based vector RNA 
can be packed into propagation-deficient pseudovirions that, in turn, 
can be used to transduce immature and mature human dendritic cells. 


7 
Coronavirus Vector Cloning Capacity 


Coronavirus helper-dependent expression systems based on minige- 
nomes have a theoretical cloning capacity close to 27 kb, because an 
RNA with a size of about 3 kb is efficiently amplified and packaged by 
the helper virus and the virus genome has about 30 kb. In contrast, the 
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theoretical cloning capacity for an expression system based on a single 
coronavirus genome, like TGEV, with the current available knowledge, is 
between 3 and 3.5 kb, taking into account that (1) the nonessential genes 
3a (0.2 kb), 3b (0.73 kb), and 7 (0.24 kb) have been deleted, leading to a 
viable virus (Sola et al. 2003); (2) the standard S gene can be replaced by 
the S gene of a PRCV mutant with a deletion of 0.67 kb; and (3) both 
DNA and RNA viruses may accept genomes with sizes up to 105% of the 
wild-type genome. 

In propagation-deficient coronavirus vectors, in which one or more 
of the essential genes S, E, M, and N would have been deleted, the clon- 
ing capacity could be increased over the former 3.5 kb by an additional 
0.25-4.5 kb. This cloning capacity will probably be enlarged in the near 
future when nonessential domains of the replicase gene are deleted (see 
above). 


8 
Insertion Site, Stability, and Expression Levels 


TGEV-derived helper-dependent expression systems have the advantage 
of a high cloning capacity. In contrast, they have a limited stability 
mainly derived from the presence of the foreign gene, because TGEV 
minigenomes of 9.7, 5.4, 3.9, and 3.3 kb, in the absence of the heterolo- 
gous gene, were amplified, packaged, and efficiently propagated for at 
least 30 passages, without generating new dominant minigenome RNAs 
(Izeta et al. 1999; Méndez et al. 1996). In contrast, the insertion of genes 
such as GUS, TGEV S protein, and PRRSV ORF5 in the M39 minigenome 
led to the appearance of new smaller minigenomes that could easily be 
detected at passage 5. Nevertheless, with this minigenome heterologous 
gene expression was observed for about 10 passages. Minigenome stabil- 
ity is highly dependent on the nature of the foreign gene, as TGEV or 
IBV minigenomes expressing luciferase gene were lost in the first 2-3 
passages (Stirrups et al. 2000). 

The stability of the expression systems is also conditioned by the type 
of polymerases involved in minigenome amplification and mRNA tran- 
scription (Agapov et al. 1998). The TGEV-derived vector is based on ex- 
pression of the minigenome using the CMV promoter. In this case, eu- 
karyotic RNA polymerase II expresses the minigenome with an estimat- 
ed error frequency of 5x10~° (de Mercoyrol et al. 1992), which is lower 
than the error accumulation frequency of 10°* to 10~” during in vitro 
transcription of minigenome RNAs with T7 DNA-dependent RNA-poly- 
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merase (Boyer et al. 1992; Sooknanan et al. 1994). In addition, the eu- 
karyotic RNA polymerase II has additional mechanisms to ensure even 
more accurate transcription (Thomas et al. 1998). After transfection of 
in vitro produced RNA, synthesis of DI-RNA and mRNAs by the viral 
RNA-dependent RNA-polymerase should have an accumulation of muta- 
tions with a relatively higher frequency of 10° to 10°* (de Mercoyrol et 
al. 1992; Ward et al. 1988). Therefore, an improvement in expression sta- 
bility should be observed by using expression systems initiated by DNA 
transfection. 

To study the effect of TRS position within the minigenome on expres- 
sion levels, a cassette encoding the GUS gene was inserted at different 
nucleotide distances (0.9, 1.6, 2.8, and 3.3 kb) from the 5’ end of the 
TGEV minigenome M39 (Alonso et al. 2002a). The mRNA levels were 
high in the two insertion sites closer to the 3’ end of the minigenome 
and slightly increased in the most 3’ site. In contrast, in a minigenome 
derived from the HCoV-229E, an expression cassette was cloned into 
three different positions (at 1.1, 1.3, and 1.8 kb from the 5’ end of a 
minigenome of about 2.1 kb) and the mRNA levels decreased for inserts 
located closer to the 3’ end (Thiel et al. 1998). The experiments per- 
formed with TGEV and HCoV-229E apparently led to different results. 
With TGEV, and possibly with HCoV-229, some insertion sites were too 
close to the ends of the minigenomes and may have affected essential 
primary or secondary structures required for their replication. It is pos- 
sible that in coronavirus the variation of expression levels with insertion 
site is mainly influenced by the sequences flanking the TRS in each po- 
sition and that the relative position itself plays a less prominent role. In 
fact, in a systematic study using MHV, a 0.4-kb region including a TRS 
of 12 nt flanked upstream and downstream by 0.2-kb fragments was in- 
serted at seven different positions of a 2.2-kb minigenome (Jeong et al. 
1996). The 12-nt TRS core was flanked by upstream and downstream se- 
quences in order to prevent the influence of variable flanking sequences 
within the different insertion sites. In all insertion sites, the level both of 
the minigenome and of the mRNA produced were similar, suggesting 
that the position of the insert along the minigenome had little influence 
on the mRNA expression level. 

In full-length genomes, a correlation between the proximity to the 3’ 
end of the genome and the relative efficiency of mRNA synthesis from a 
given TRS has been observed in several viral systems, including coron- 
aviruses such as MHV and TGEV (Alonso et al. 2002a; de Haan et al. 
2003; Hiscox et al. 1995; Sola et al. 2003; van Marle et al. 1995), ar- 
teriviruses such as EAV (Pasternak et al. 2003), and the Mononegavirales 
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(Iverson and Rose 1981; Wertz et al. 1998). In the TGEV single genome 
vector, in order to increase heterologous gene expression levels, an ex- 
pression cassette encoding the GFP gene was inserted at the 3’ end of 
the genome. Insertion of the expression cassette between TGEV genes N 
and 7 resulted in an unstable virus, leading to the complete deletion of 
the additional transcriptional unit. In contrast, insertion of similar ex- 
pression cassettes replacing ORFs 3a and 3b led to stable expression of 
GFP (Sola et al. 2003). Therefore, the location of the insertion, and not 
the nature of the gene, was most likely responsible for the instability. 
The origin of TGEV recombinant virus instability was mediated either 
by homologous recombination promoted by the presence of duplicated 
viral sequences or by nonhomologous recombination yielding a virus 
that had lost the GFP gene and also the 5’ end of gene 7. Therefore, in 
addition to similarity-essential recombination, similarity-nonessential 
recombination (Nagy and Simon 1997) may also lead to the instability of 
these viruses. The instability of expression cassettes inserted at the 3’ 
end of the genome seems a general phenomenon because, in addition, it 
has been shown that several expression modules encoding the GUS gene 
were also unstable at this position of the genome but not at the ORF 3a 
site (Alonso et al. 2004). Furthermore, insertion of other sequence frag- 
ments (i.e., 3’ end 141 nt of N gene or 717 nt of GFP) between the N gene 
and the 3’ UTR of MHV also produced genomic instability (Hsue and 
Masters 1999). 


9 
Molecular Basis of Group 1 Coronavirus Tropism 


Group | coronaviruses attach to host cells through the S glycoprotein by 
recognition of pAPN, the cell receptor (Delmas et al. 1992; Yeager et al. 
1992). Group 2 coronaviruses use the carcinoembryonic antigen-related 
cell adhesion molecules (CEACAM) as receptors, or the angiotensin- 
converting enzyme 2 in the case of SARS-CoV (Li et al. 2003). Engineer- 
ing the S gene led to changes both in tissue- and species specificity 
(Ballesteros et al. 1997; Kuo et al. 2000; Leparc-Goffart et al. 1998; 
Sanchez et al. 1999). Driving vector expression to different tissues may 
preferentially induce a specific type of immune response, that is, mucos- 
al immunity by targeting the expression to gut-associated lymph nodes. 
Both tissue- and species specificity have been modified by engineering 
coronavirus genomes. 
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Enteric infection by TGEV requires virus binding to pAPN, mediated 
by an S protein domain encoded by nt 1,518-2,184, and also to a second 
factor (possibly binding to a coreceptor) mediated by an S protein do- 
main encoded by nt 217-665. In fact, changes of two amino acids in- 
cluded in this S protein domain suffice to restore the enteric infection 
by a respiratory virus strain (Sanchez et al. 2004). Therefore, the S pro- 
tein domain encoded by nt 217-665 dictates TGEV enteric tropism 
(Sanchez et al. 1999, 2004), whereas binding to APN alone is not suffi- 
cient to infect the enteric tract. Interestingly, MHV tropism is also influ- 
enced by the binding of a domain located at the N-terminus of murine 
coronavirus spike protein, in positions equivalent to those required for 
the potential coreceptor binding in TGEV (Kubo et al. 1994). 

TGEV species specificity has been extended to infect canine and 
human cells by replacing the S gene of TGEV with S genes from canine 
(Riquelme et al. 2004) and human (Ortego et al. 2004) coronaviruses. In 
this case, a replication-competent, propagation-deficient TGEV has been 
used for safety because these viruses can only grow in packaging cell 
lines; therefore, they cannot be propagated from cell to cell in the host. 

Animal model systems based on transgenic mice expressing the hu- 
man APN (hAPN) are being developed (Lassnig et al. 2004; Wentworth 
and Holmes 2001; Wentworth et al. 2001) to study the molecular basis of 
human coronavirus, vector-host interaction (i.e., potential side-effects), 
and immune responses elicited by the virus vector. The transgenic mice 
express high amounts of hAPN in lungs, gut, spleen, liver, and brain. 
Cells derived from these mice replicate HCoV-229E (Lassnig et al. 2004; 
Wentworth and Holmes 2001; Wentworth et al. 2001), and infection of 
transgenic mice has been shown in one of the systems (Lassnig et al. 
2004). The possibility of engineering coronavirus vectors with defined 
tissue- or species specificity and the development of laboratory animal 
model systems increases the potential use of this novel vector family. 


10 
Modulation of Coronavirus Vector Virulence 


Tropism changes in general lead to a change in virulence. Certainly this 
is the case in porcine coronaviruses with a virulence directly related to 
their ability to grow in the enteric tract (Sanchez et al. 1999). Porcine 
coronaviruses exclusively growing in the lungs with titers higher than 
1x10° pfu/g of tissue lead to no obvious clinical symptoms. Changes in 
the S gene modify virus tropism and also virulence (das Sarma et al. 
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2000; Gallagher and Buchmeier 2001; Leparc-Goffart et al. 1998; Navas et 
al. 2001; Phillips et al. 1999; Sanchez et al. 1999; Taguchi et al. 1995). 
Similarly, cell-to-cell virus spreading is influenced by S protein-depen- 
dent fusion activity, also affecting coronavirus pathogenicity (Gallagher 
and Buchmeier 2001; Luo et al. 1999). 

Most coronavirus genes partially overlap, and TGEV is not an excep- 
tion. To study the effect of nonessential gene deletion on virulence, un- 
ique restriction endonuclease sites and sequence duplications were in- 
troduced at the 5’ end of each TGEV gene as shown above (Fig. 4). Be- 
cause the TRS is also located at the 5’ end of each gene, the insertion of 
duplicated sequences and of restriction endonuclease sites could alter 
virus pathogenicity. In fact, with the use of TGEV it has been shown that 
the introduction of one restriction endonuclease site between each pair 
of adjacent genes leads to a decrease in enteric tract virus growth and 
virulence by more than 10-fold and 5-fold, respectively (Ortego et al. 
2003). The simultaneous modification of the 5’ end of all essential genes 
(S, E, M, and N) led to a virus growth and virulence reduction of 100- 
fold and 12-fold, respectively. Therefore, this approach can be used to 
control virus vector virulence. 

Gene expression among the nonsegmented negative-stranded RNA 
viruses is controlled by the highly conserved order of genes relative to 
the single transcriptional promoter. Rearrangement of the genes of ve- 
sicular stomatitis virus eliminates clinical disease in the natural host 
and is considered a new strategy for vaccine development (Flanagan et 
al. 2001). In coronavirus, a change in gene order led to virus attenuation 
in FIPV (see chapter by Masters and Rottier, this volume) (de Haan et 
al. 2002). 

Deletion of nonessential genes 3a and 3b led to variable results 
in Group 1 coronaviruses. Although deletion of these genes reduced 
TGEV virulence very little (Sola et al. 2003), FIPV was clearly attenuated 
(Haijema et al. 2003). In contrast, deletion of the nonessential gene 7 at- 
tenuated both TGEV and FIPV. Therefore, modification of certain 
nonessential genes may be used as an efficient approach to reduce the 
virulence of coronavirus vectors. 


11 
Biosafety in Coronavirus-Derived Vectors 


Application of virus vectors to humans requires a reduction of the risk 
to levels below those of conventional medical interventions (i.e., admin- 
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istration of a safe vaccine). Coronavirus vectors based on the TGEV ge- 
nome have been engineered to infect human cells by replacing the por- 
cine coronavirus S gene with that of human coronaviruses (Ortego et al. 
2004). To increase the safety of the human-adapted vector, a replication- 
competent, propagation-deficient virus, in which two essential genes (E 
and N) were deleted, is being modified by introducing mutations that 
abrogate the activity of the RNA packaging signal (‘¥) and relocating an 
active ‘V between the two deleted genes (Escors et al. 2003). A recombi- 
nation event leading to the recovery of the essential genes will most like- 
ly lead to loss of the packaging signal, generating a nonviable virus. 


12 
Conclusions 


Both helper-dependent expression systems, based on two components, 
and single genome vectors constructed by targeted recombination, or by 
using infectious cDNAs, have been developed for coronaviruses. The se- 
quences that regulate transcription have been characterized with helper- 
dependent expression systems and full-length infectious cDNA clones. 
Minigenome-based expression systems have the advantage of their large 
cloning capacity, in principle higher than 27 kb, produce reasonable 
amounts of heterologous antigens (2-8 ug/10° cells), show a limited sta- 
bility (synthesis of heterologous gene is maintained for around 10 pas- 
sages), and elicit strong immune responses. In contrast, coronavirus vec- 
tors based on single genomes have at present a limited cloning capacity 
(around 5 kb) and expression levels of heterologous genes are 10-fold 
higher than those of helper-dependent systems (>50 sg/10° cells) and 
are very stable (>30 passages). The possibility of expressing different 
genes under the control of TRSs with programmable strength and engi- 
neering tissue and species tropism indicates that coronavirus vectors are 
very flexible. High expression levels have been obtained with replica- 
tion-competent, propagation-deficient vectors based on coronavirus 
genomes. Thus coronavirus-based vectors are emerging with high po- 
tential for vaccine development and, possibly, for gene therapy. 
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Abstract In this article, we describe the reverse genetic system that is based on the use 
of vaccinia virus cloning vectors. This system represents a generic approach to coro- 
navirus reverse genetics and was first described for the generation of recombinant hu- 
man coronavirus 229E representing a group I coronavirus. Subsequently, the same ap- 
proach has been used to generate recombinant avian infectious bronchitis coronavirus 


200 V. Thiel - S.G. Siddell 


and, recently, recombinant mouse hepatitis virus, representing group III and group II 
coronaviruses, respectively. We describe how vaccinia virus-mediated homologous re- 
combination can be used to introduce specific mutations into the coronavirus genom- 
ic CDNA during its propagation in vaccinia virus and how recombinant coronaviruses 
can be isolated. Finally, we describe how the coronavirus reverse genetic system has 
now been extended to the generation of coronavirus replicon RNAs. 


1 
Introduction 


The development of systems for manipulating the coronavirus genome 
using traditional reverse genetic approaches has presented a consider- 
able technological challenge because of both the genome size and the in- 
stability of specific coronavirus cDNA sequences in bacterial systems. 
However, recently, reverse genetic systems for a number of coronavirus- 
es have been established using non-traditional approaches which are 
based on the use of bacterial artificial chromosomes (Almazan et al. 
2000), the in vitro ligation of coronavirus cDNA fragments (Yount et al. 
2000) and the use of vaccinia virus as a vector for the propagation of co- 
ronavirus genomic cDNAs (Thiel et al. 2001la). With the systems now 
available, it is possible to genetically modify coronavirus genomes at 
will. Recombinant viruses with gene inactivations, deletions or attenuat- 
ing modifications can be generated and used to study the role of specific 
gene products in viral replication or pathogenesis. Genetically attenuat- 
ed viruses can be produced which are potential vaccine candidates and 
modified coronavirus genomes have been developed as eukaryotic, mul- 
tigene expression vectors (Thiel et al. 2003). In this article, we shall de- 
scribe the reverse genetic system that is based on the use of vaccinia vi- 
rus cloning vectors. This system represents a generic approach to coro- 
navirus reverse genetics and was first described for the generation of re- 
combinant human coronavirus 229E (HCoV 229E)(Thiel et al. 2001a), 
representing a group I coronavirus. Subsequently, we have used the same 
approach to generate recombinant avian infectious bronchitis coronavi- 
rus (IBV) (Casais et al. 2001) and, recently, recombinant mouse hepatitis 
virus (MHV-A59) (Coley et al., manuscript in preparation), representing 
group III and group II coronaviruses, respectively. 

The basic strategy for the generation of recombinant coronaviruses 
can be divided into three phases. 


The Assembly of a Full-Length Coronavirus Genomic cDNA. This nor- 
mally involves the generation of numerous subgenomic cDNA fragments 


Reverse Genetics of Coronaviruses Using Vaccinia Virus Vectors 201 


that are either amplified as bacterial plasmid DNA or prepared in large 
amounts by preparative reverse-transcriptase polymerase chain reaction 
(RT-PCR). The cDNAs are then ligated sequentially, in vitro, to produce 
a small number of cDNAs which encompass the entire genome. The spe- 
cific ligation strategy is dictated by the sequence of the coronavirus in 
question, but a common feature is the use of convenient, naturally oc- 
curring or engineered restriction sites, especially if they cleave, for ex- 
ample, interrupted palindromic sequences. It is also necessary to modify 
the cDNAs which represent the 5’ and 3’ ends of the coronavirus ge- 
nome. Normally, a transcription promoter sequence for the bacterio- 
phage T7 RNA polymerase is positioned upstream the coronavirus ge- 
nome and a (unique) restriction site, followed by the hepatitis 6 ri- 
bozyme is placed downstream of the poly(A) tail of the coronavirus ge- 
nome. The terminal cDNA constructs must also have appropriate Eagl 
or Bsp120I restriction sites to facilitate cloning into a unique Notl 
restriction site present in the genomic DNA of vaccinia virus, strain 
vNotl/tk. 


The Cloning and Propagation of the Coronavirus Genomic cDNA in Vac- 
cinia Virus Vectors. The next stage is to ligate, in vitro, the coronavirus 
cDNA fragments and the long and short arms of NotI-cleaved vNotlI/tk 
genomic DNA (Merchlinsky and Moss 1992). This ligation is done in the 
presence of NotI to prevent religation of the vaccinia virus DNA. Subse- 
quently, the ligation reaction is transfected into mammalian cells which 
have been previously infected with fowlpox virus. Recombinant vaccinia 
virus, the genome of which includes a full-length copy of the coronavi- 
rus genome, is rescued. 


Rescue of Recombinant Coronaviruses. Essentially, recombinant coron- 
aviruses are rescued by generating genomic-length RNA transcripts 
from the coronavirus component of the recombinant vaccinia virus 
DNA template. These transcripts are then transfected into permissive 
cells. The transcription reaction is normally done in vitro, but it is also 
possible to rescue recombinant coronaviruses via the transcription of 
template DNA in the permissive cell itself. This requires the introduction 
of non-infectious (i.e. restriction enzyme digested) recombinant vaccin- 
ia virus DNA and a source of bacteriophage T7 RNA polymerase, nor- 
mally a recombinant fowlpox virus, into the permissive cell. Also, as will 
be described below, we have found that the ability to rescue recombinant 
coronaviruses is significantly enhanced by (but not dependent on) the 
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directed expression of the coronavirus nucleocapsid protein in the 
transfected cells. 

In addition to these basic concepts, this article will describe how vac- 
cinia virus-mediated homologous recombination can be used to intro- 
duce specific mutations into the coronavirus genomic cDNA during its 
propagation in vaccinia virus. Once an infectious coronavirus cDNA has 
been obtained, this element of the reverse genetic approach is actually 
the rate-limiting step. It is, therefore, imperative that a rapid and easy 
procedure is available. Finally, we shall describe how the coronavirus re- 
verse genetic system has now been extended to the generation of corona- 
virus replicon RNAs. 


2 
The Use of Vaccinia Virus as a Vector for Coronavirus cDNA 


The first use of vaccinia virus as a cloning vector for full-length corona- 
virus cDNA was described for the human coronavirus 229E (HCoV 
229E) system. Vaccinia virus vectors were chosen for several reasons. 
First, poxvirus vectors are suitable for the cloning of large cDNA. It has 
been shown that they have the capacity to accept at least 26 kb of foreign 
sequence (Smith and Moss 1983), and recombinant vaccinia virus gen- 
omes of this size are stable, infectious and replicate in tissue culture to 
the same titre as non-recombinant virus. Second, vaccinia virus vectors 
have been developed which are designed for the insertion of foreign 
DNA by in vitro ligation (Merchlinsky and Moss 1992). This obviates the 
need for plasmid intermediates carrying the entire cDNA insert. Third, 
the cloned cDNA insert should be accessible to mutagenesis by vaccinia 
virus-mediated homologous recombination. Finally, conventional clon- 
ing strategies based on procaryotic cloning systems (e.g. plasmid vec- 
tors, bacterial artificial chromosomes or bacteriophage lambda vectors) 
were not applicable to the stable propagation of full-length HCoV 229E 
cDNA. 


2.1 
Cloning of Full-Length Coronavirus cDNA into the 
Vaccinia Virus Genome 


As outlined above, the overall strategy to insert full-length coronavirus 
cDNA fragments into the vaccinia virus genome involves two steps. First, 
the full-length coronavirus cDNA is assembled by in vitro ligation using 
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multiple cDNAs representing the entire coronavirus genomic RNA. Sec- 
ond, the vaccinia virus vNotlI/tk genome is used as a cloning vector to 
insert the full-length cDNA, again by in vitro ligation. 

The assembly of full-length coronavirus cDNAs for HCoV 229E, IBV 
and, recently, MHV-A59 has involved two, three or four cDNA frag- 
ments, respectively. The DNA fragments corresponding to the 5’-end of 
the coronavirus genomes contained the bacteriophage T7 RNA polymer- 
ase promoter sequence and, if not encoded at the 5’-end of the coronavi- 
rus genome, one or three additional G nucleotides which are required 
for efficient initiation of the in vitro transcription reaction. The cDNA 
fragment corresponding to the 3’-end of the coronavirus genome con- 
tained a synthetic poly(A) stretch comprised of 20-40 nucleotides (nt), 
followed by a hepatitis delta ribozyme element and a convenient restric- 
tion site that can be used to generate so-called run-off transcripts. In or- 
der to insert the full-length cDNAs into a single No?lI site of the vaccinia 
virus vNotlI/tk vector genome, the cDNA fragments corresponding to 
the 5’- and 3’-genomic termini contained the restriction sites EaglI or 
Bsp1201. After cleavage, the resulting DNA ends are compatible with 
NotI-cleaved vaccinia virus vector DNA. 

The insertion of full-length coronavirus cDNA fragments into the vac- 
cinia virus vNotI/tk genome by in vitro ligation required optimization of 
the procedure. Purified vaccinia virus vNotI/tk genomic DNA fragments 
which had been cleaved with NotI were found to be poor substrates for 
in vitro ligation, most probably because of their large size. In contrast, in 
vitro assembled full-length coronavirus cDNA fragments which had been 
cleaved with EaglI were found to ligate efficiently. Thus, in ligation reac- 
tions containing NoftI-cleaved vaccinia virus vector DNA and coronavirus 
cDNA inserts, the ligation products were predominantly comprised of 
multiple insert fragments. Ligation products comprised of vector arms 
and insert cDNA fragments were not readily detectable. To resolve this 
problem, we therefore included the NotI enzyme in the ligation reaction 
and, using alkaline phosphatase, dephosphorylated the coronavirus in- 
sert DNA fragments. As illustrated in Fig. 1, this strategy resulted in the 
production of detectable amounts of ligation products comprised of two 
vaccinia virus vector arms and the coronavirus cDNA insert. 

To rescue recombinant vaccinia virus clones containing the full- 
length coronavirus cDNA the ligation reaction was transfected into CV-1 
cells. Because vaccinia virus genomic DNA is not infectious, fowlpox vi- 
rus has been used as a helper virus (Scheiflinger et al. 1992). Thus CV-1 
cells were infected with fowlpox virus before transfection. At 2-3 h after 
infection/transfection, the cells were collected and transferred with a 


204 V. Thiel - S.G. Siddell 


ligation 


Eagl Eagl 


Notl 
Eagl Eagl Notl 


ligation — 


| 


Fig. 1. Cloning of coronavirus cDNA into the vaccinia virus genome. A schematic 
overview of the optimized ligation reaction using EagI-cleaved and dephosphorylat- 
ed coronavirus cDNA (1) and NoftI-cleaved vaccinia virus genomic DNA is illustrat- 
ed. The ligation reactions are carried out at 25°C in the presence of NotI enzyme. 
Also shown is a pulse-field gel electrophoresis analysis of the ligation reaction prod- 
ucts. Fragments corresponding to the insert cDNA and ligation products comprised 
of insert cDNA and vaccinia virus DNA (2, 3, 4, 5, and 6) are indicated 


fivefold excess of fresh CV-1 cells into 96-well plates. During a period of 
14 days, virus stocks were collected from 96-well plates displaying cyto- 
pathic effect. Because fowlpox virus infection of mammalian cells is 
abortive, the resulting virus stocks contained exclusively vaccinia virus- 
es. Furthermore, the analysis of gnomic DNA of rescued vaccinia virus- 
es by Southern blotting showed that a high percentage of the viruses 
contained the coronavirus cDNA insert (Thiel et al. 2001a, b). 


2.2 
Mutagenesis of Cloned Coronavirus cDNA 


One major advantage of using vaccinia virus as a cloning vector is that 
the cloned coronavirus cDNA is amenable to site-directed mutagenesis 
using vaccinia virus-mediated homologous recombination (Ball 1987). 
We will show one example to demonstrate the ease of using vaccinia vi- 
rus-mediated recombination to genetically modify coronavirus cDNA 
inserts. 
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Fig. 2. Mutagenesis of cloned coronavirus cDNA by vaccinia virus-mediated homol- 
ogous recombination. The generation of the recombinant vaccinia virus vVec-GN 
containing a modified HCoV 229E genome is illustrated (see text for details). Also 
shown is a PCR analysis of the region in which the homologous recombination took 
place within the genomes of the parental vaccinia virus clone VHCoV-inf-1, the inter- 
mediate vaccinia virus clone vRec-1 and the recombinant vaccinia virus clone vVec- 
GN. Lanes 1-12 show 12 randomly picked recombinant vaccinia virus plaques ob- 
tained after the gpt-negative selection, indicating the 100% recovery of desired geno- 


types 
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A region corresponding to HCoV nt 20,569-25,653, which lies within 
the full-length HCoV 229E cDNA insert, has been replaced by the gene 
encoding the green fluorescent protein (GFP). This results in a recombi- 
nant vaccinia virus clone designated vVec-GN. The overall strategy of 
vVec-GN construction is illustrated in Fig. 2. The procedure is based on 
using the E. coli guanine-phosphoribosyl transferase gene (gpt) as both 
a positive and a negative selection marker. First, a region corresponding 
to nt 21,146-24,200 of the HCoV 229E genome was replaced by the E. 
coli gpt gene. To do this, we transfected vVHCoV-inf-1-infected CV-1 cells 
with a plasmid DNA containing the E. coli gpt gene located downstream 
of a vaccinia virus promoter and flanked by HCoV 229E sequences 
(nt 19,601-21,145 and nt 24,201-25,874) that facilitate recombination. 
Two days after infection/transfection, a vaccinia virus stock was pre- 
pared. To isolate gpt-containing vaccinia viruses, three rounds of plaque 
purification were done under gpt-positive selection on CV-1 cells in the 
presence of mycophenolic acid (25 ug/ml), xanthine (250 ywg/ml) and 
hypoxanthine (15 wg/ml). A recombinant vaccinia virus, designated 
vRec-1, which contained the E. coli gpt gene at the expected position, 
could be easily identified by PCR and Southern blot analysis. In a sec- 
ond step, vRec-1 was used to replace the E. coli gpt gene by the GFP 
gene. CV-1 cells were infected with vRec-1 and transfected with a plas- 
mid DNA encoding the GFP gene flanked by HCoV_ sequences 
(nt 19,485-20,568 and nt 25,654-27,273). Again, after 2 days we prepared 
a vaccinia virus stock from the infected/transfected cells and did three 
rounds of plaque purification. However, this time we used HeLa-D980R 
cells and conditions which allow for the selection of vaccinia viruses that 
have lost the expression of gpt (Kerr and Smith 1991). A PCR analysis of 
12 vaccinia virus clones (Fig. 2) demonstrates that, in each case, vaccinia 
virus-mediated homologous recombination has taken place at the ex- 
pected position within the cloned HCoV 229E insert DNA. One of the re- 
combinant vaccinia virus clones was subjected to sequencing analysis of 
the region where the vaccinia virus-mediated recombination had oc- 
curred, and the results revealed that vaccinia virus-mediated recombina- 
tion is precise at the nucleotide level. 


2.3 
Rescue of Recombinant Coronaviruses 


Two strategies have been reported for the rescue of recombinant coron- 
aviruses from full-length cDNA cloned in vaccinia virus vectors. Initially, 
recombinant HCoV 229E was rescued after transfection of full-length in 
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vitro transcripts of the cloned HCoV 229E cDNA into MRC-5 cells (Thiel 
et al. 2001a). Alternatively, the rescue of recombinant IBV has been re- 
ported by transfecting full-length coronavirus IBV cDNA into chick kid- 
ney (CK) cells that had been infected by a recombinant fowlpox virus, 
rFPV-T7 (Casais et al. 2001). The fowlpox virus mediates the expression 
of the bacteriophage T7 RNA polymerase. In contrast to the transfection 
of infectious HCoV 229E RNA, the rescue of recombinant IBV required 
the directed expression of the IBV nucleocapsid protein [mediated by 
transfection of a expression plasmid encoding the IBV nucleocapsid (N) 
protein]. This observation led us to develop a line of BHK cells which 
express the HCoV 229E N protein, and, indeed, we found that the ex- 
pression of this protein also facilitates the rescue of recombinant HCoV 
229E coronaviruses after the transfection of cells with full-length in vitro 
transcripts. 


2.3.1 
Rescue of Recombinant Coronaviruses Using Full-Length 
In Vitro Transcripts 


The overall strategy to recover recombinant human coronavirus from 
vaccinia virus vHCoV-inf-1 genomic DNA is illustrated in Fig. 3. The 
full-length HCoV 229E cDNA is cloned downstream of a bacteriophage 
T7 RNA polymerase promoter, and a Clal restriction endonuclease rec- 
ognition sequence is located downstream of a synthetic poly(A) se- 
quence, representing the 3’ end of the HCoV genome. Genomic vHCoV- 
inf-1 DNA was prepared from purified recombinant vaccinia virus stocks 
and cleaved with ClaI enzyme. This DNA was then used as template to 
transcribe, in vitro, a capped RNA corresponding to the HCoV genome 
with bacteriophage T7 RNA polymerase. When this RNA was transfected 
into MRC-5 cells by lipofection, cytopathic effects indicative of human 
coronavirus infection developed throughout the culture after 6-7 days. 
A virus, designated HCoV-inf-1, was rescued from the tissue culture su- 
pernatant, plaque purified and propagated to produce stocks containing 
approximately 1x10’ TCID50/ml. Phenotypic analysis revealed that the 
growth kinetics, cytopathic effect and stability of HCoV-inf-1 were in- 
distinguishable from those of parental virus. Furthermore, Northern hy- 
bridization analysis of poly(A)-containing RNA isolated from infected 
MRC-5 cells demonstrated that the patterns of viral genomic and subge- 
nomic RNAs of HCoV-inf-1 and HCoV 229E were identical. To confirm 
that, indeed, a recombinant virus had been rescued, the presence of a 
marker mutation which was introduced into the recombinant HCoV 
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Fig. 3. Rescue of recombinant HCoV 229E from cloned, full-length cDNA. To recover 
recombinant HCoV 229E, 5’-capped RNA transcripts are produced in vitro with bac- 
teriophage T7 RNA polymerase and vHCoV-inf-1 genomic DNA as template. The 
transcripts are transfected into MRC-5 cells. The recombinant human coronavirus 
HCoV-inf-1 contains marker mutations (*) that are evident in the sequence of an 
RT-PCR product of poly(A)-containing RNA from HCoV-inf-1-infected cells. Also 
shown is a Northern hybridization analysis of in vitro transcribed HCoV-inf-1 RNA 
(lanes 1 and 4) and poly(A) containing RNA from parental HCoV 229E-infected 
MRC-5 cells (lanes 2 and 5) and HCoV-inf-1-infected MRC-5 cells (lanes 3 and 6). 
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cDNA during the cloning procedure was analysed. As shown in Fig. 3, 
RT-PCR sequencing analysis of the relevant region of the HCoV-inf-1 ge- 
nome demonstrates that three nucleotides (nt 6,994, 6,997 and 7,000) 
were, as predicted, found to be changed compared to the HCoV 229E se- 
quence. These results showed, conclusively, the rescue of recombinant 
human coronavirus and demonstrated that the coronavirus genomic 
RNA alone is able to initiate a productive infectious cycle. 


2.3.2 
Rescue of Recombinant Coronavirus Using Full-Length cDNA 


Initially, the rescue of recombinant IBV from cloned cDNA was attempt- 
ed by generating full-length T7-driven in vitro transcripts by using Sall- 
restricted vNotlI/IBVp, genomic DNA as a template followed by transfec- 
tion of the RNA into susceptible chick kidney (CK) cells (Casais et al. 
2003). Although essentially the same protocol had been used successful- 
ly for the rescue of recombinant HCoV 229E, the amounts and purity of 
full-length synthetic IBV RNA varied and attempts to rescue recombi- 
nant IBV from CK cells were not successful. Therefore, an alternative 
strategy was used (Fig. 4). First, CK cells were infected with rFPV-T7 to 
provide cytoplasmic bacteriophage T7 RNA polymerase (Britton et al. 
1996). At 1 h after vFPV-T7-infection the cells were transfected with 
Sall- or Ascl-restricted vNotI/IBV;, genomic DNA. In addition, a plas- 
mid DNA which mediates the expression of the IBV nucleocapsid (N) 
protein was co-transfected. When the infected/transfected cells devel- 
oped cytopathic effects, the supernatant was filtered to remove vFPV-T7 
virus and passaged on fresh CK cell monolayers until cytopathic effects 
characteristic of IBV infection were observed. Further analysis, includ- 
ing Northern blotting, immunofluorescence and finally RT-PCR se- 
quencing to detect marker mutations, confirmed that recombinant IBV 
had been rescued. This result demonstrates that a reverse genetic system 
for IBV has been established based on cloning of full-length IBV cDNA 
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The RNAs were probed with a parental HCoV 229E-specific (lanes 1-3) or an HCoV- 
inf-1-specific radiolabelled oligonucleotide (lanes 4-6) corresponding to the genom- 
ic nucleotides 6988-7005, respectively. The HCoV 229E-specific probe hybridized to 
the HCoV 229E genomic RNA but not to recombinant HCoV-inf-1 genomic RNA. In 
contrast, the HCoV-inf-1-specific probe hybridized to the HCoV-inf-1 genomic RNA 
and not to the parental HCoV 229E genomic RNA 


210 V. Thiel - S.G. Siddell 


recombinant vaccinia virus 
, J VNotlAB VEL 


es 
recombinant vNotlhMBVrt DNA 


Sall / Ascl rFPV-T7 
pCi-Nuc 


< 


“<—o 


recombinant 
avian infectious bronchitis virus 


Fig. 4. Rescue of recombinant IBV from cloned, full-length cDNA. To recover recom- 
binant IBV, SallI- or AsclI-restricted genomic DNA of the recombinant vaccinia virus 
VNotI/IBVg, (containing the full-length IBV cDNA) was transfected into chick kid- 
ney (CK) cells. The full-length IBV RNA is produced in vivo with a recombinant 
fowlpox virus rFPV-T7 which expresses the bacteriophage T7 RNA polymerase. In 
addition, the CK cells are transfected with a plasmid which mediates the expression 
of the IBV nucleocapsid protein (pCi-Nuc) 


in a vaccinia virus vector. It should be noted that this procedure obviat- 
ed the need to prepare purified vNotI/IBV;, genomic DNA for in vitro 
transcription and therefore represents an attractive alternative to rescue 
recombinant coronaviruses from cloned cDNA. 


2.3.3 
Expression of the Nucleocapsid Protein Facilitates 
the Rescue of Recombinant Coronaviruses 


As described above, the rescue of recombinant IBV using in vivo tran- 
scription of full-length IBV RNA was dependent on the co-transfection 
of a plasmid DNA mediating the expression of the IBV N protein. A sim- 
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ilar observation was made for the recovery of recombinant TGEV by 
Yount et al. (Yount et al. 2000). In contrast, the rescue of recombinant 
HCoV 229E and MHV-A59 (Coley et al., manuscript in preparation) and 
the rescue of recombinant TGEV with the BAC system were achieved 
without the directed expression of N protein. These data indicate that 
the coronavirus N protein is not absolutely required to establish a pro- 
ductive coronavirus infection with infectious RNA or DNA. However, it 
clearly facilitates rescue of recombinant viruses. Consequently, we have 
made two changes in our protocol for the rescue of recombinant coron- 
aviruses with full-length in vitro transcripts. 

First, we have used BHK-21 cells as target cells for the delivery of in 
vitro transcribed coronavirus genomic RNA by electroporation. On the 
one hand, BHK-21 cells can be efficiently transfected with RNA by elec- 
troporation, and at the same time, our data suggest that they are permis- 
sive for the production of, at least, HCoV 229E and MHV-A59. Second, 
to provide directed expression of the coronavirus N protein, we have 
produced stable BHK-21-derived cell lines which express coronavirus N 
proteins. An HCoV 229E N protein-expressing cell line, designated 
BHK-HCoV-N, has been produced for the HCoV 229E reverse ge- 
netic system, and an MHV N protein-expressing cell line, designated 
BHK-MHV-N, has been produced for the MHV-A59 reverse genetic sys- 
tem. Both cell lines are based on the Tet/ON expression system (Gossen 
et al. 1995) and thus allow the controlled expression of the respective N 
proteins on induction with doxycyclin. Using the BHK-HCoV-N cell line, 
we observed that the rescue of recombinant HCoV 229E after electropo- 
ration of full-length infectious HCoV RNA is greatly facilitated. The ti- 
tres of virus in the supernatant of BHK-HCoV-N cells 3 days after trans- 
fection were about 1x10* TCID50/ml. Moreover, the use of the N-ex- 
pressing cell line has enabled us to monitor coronavirus RNA synthesis 
by Northern blot analysis directly in transfected cells. Similar results 
have been obtained using the BHK-MHV-N cell line for the rescue of re- 
combinant MHV-A59. It should be noted that in addition to the rescue 
of recombinant coronaviruses, the N-expressing BHK cell lines also fa- 
cilitate the analysis of coronavirus vector RNAs (see below). 


3 
Recombinant Coronaviruses 


Recombinant coronaviruses generated by the reverse genetic systems 
described above have been used in the analysis of coronavirus polypro- 
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tein processing, the generation of chimeric coronaviruses which might 
be useful as coronavirus vaccines and the analysis of coronavirus patho- 
genesis. 


3.1 
Analysis of HCoV 229E Replicase Polyprotein Processing 


The analysis of replication, transcription and polyprotein processing in 
many positive-strand RNA viruses has been facilitated by the develop- 
ment of reverse genetic systems based on cloned cDNA. The reverse ge- 
netic system for coronaviruses enables the generation and analysis of re- 
combinant coronaviruses which carry mutations of choice. Specifically, 
it is now possible, for the first time, to generate and analyse recombi- 
nant coronaviruses which contain genetically modified replicase genes. 
The HCoV 229E replicase gene is comprised of two overlapping open 
reading frames (ORFs), ORFla and ORF1b, which extend about 20 kb 
from the 5’ end of the genome. It encodes two large polyproteins, ppla 


IBV 

673IGly|Ge74 22656 ly|G 2266 Gin|s er Gin|Ser 

nspl 
MHV 
| 26376 ly|Ala2a36? Gin|s er Gin|Ser 
227 Gly|Val228 BI2Ala|Ghyo33 
ns p. nsp4 
nspl nsp2 = i ar 
HC oV-229E 
11iGhyjAsnii? BSG by hres 
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1806 ly|Ala 181 8186 hy|Alag19 27406 hy|Lys2741 Gin[Ser Gin|Ser 


Fig. 5. Proteolytic processing of the amino-proximal regions of coronavirus repli- 
case polyproteins. The amino-proximal regions of IBV, MHV, HCoV 229E and SARS- 
CoV replicase polyproteins are illustrated. Processing events mediated by the pa- 
pain-like and main proteinases are indicated (for details see the chapter by Ziebuhr, 
this volume). Abbreviations: Ac, acidic domain; PL1, papain-like proteinase 1; SUD, 
SARS-CoV unique domain; X, adenosine diphosphate-ribose 1”-phosphatase; PL2, 
papain-like proteinase 2; Y, nsp3 C-terminal domain; 3CL, 3C-like proteinase 
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and pplab, which are extensively processed by the virus main protein- 
ase, MP*°, and two accessory papain-like proteinases, PL1?"° and PL2?"® 
(Ziebuhr et al. 2000). The N-proximal region of the polyproteins is pro- 
cessed by PL1?"° and PL2?"® to release three proteins, nsp1 (9 kDa), 
nsp2 (87 kDa) and nsp3 (177 kDa) and, in addition, the N-terminus of 
nsp4 (54 kDa) (Fig. 5). In vitro studies of the HCoV 229E polyprotein 
processing events revealed that PL1?"° could cleave between nsp1 and 
nsp2 (Herold et al. 1998). Furthermore, it has been shown that PL1?"” 
and PL2P"° can cleave between nsp2 and nsp3, indicating overlapping 
substrate specificities. PL2?"° cleaves this site efficiently, whereas PL1?"°- 
mediated cleavage is slow and significantly suppressed by proteolytic in- 
active PL2P*° (Ziebuhr et al. 2001). 

The in vitro data described above suggest a redundancy of PLP*® ac- 
tivities and raised the question of whether both HCoV 229E PL?” activi- 
ties are indeed required for virus replication. Thus, to gain a better un- 
derstanding of the physiological roles of coronavirus papain-like pro- 
teinases, we have applied our reverse genetic system to the characteriza- 
tion of HCoV 229E PL1?*°/PL2?"® in virus replication. Based on the re- 
combinant vaccinia virus VHCoV-inf-1, harbouring the full-length HCoV 
cDNA, we have introduced nucleotide changes resulting in substitutions 
of the active-site cysteine residues of PL1?*° (Cys1054Ala) and PL2?"® 
(Cys1701Ala), respectively. Genomic DNA from the resulting vaccinia vi- 
rus clones were used as template for T7-driven in vitro transcription to 
generate full-length HCoV-PL1(—) and HCoV-PL2(—) RNAs, respective- 
ly. As shown in Fig. 6 virus-specific RNAs were only detectable in 
HCoV-PL1(—) RNA-transfected BHK-HCoV-N cells. After transfer of the 
supernatant to MRC-5 cells only mutant viruses containing the Cy- 
s1054Ala nucleotide change (at the PL1?*° active site) could be rescued. 
In contrast, no mutant virus could be rescued if the supernatant of 
HCoV-PL2(—) RNA-transfected cells was transferred to MRC-5 cells. 
This result indicates that an active PL1’"° enzyme is not required for 
HCoV 229E RNA synthesis and virus replication. However, the recombi- 
nant HCoV-PL1(-—) virus displayed reduced growth kinetics, and rever- 
sion of mutant virus to the parental sequence at the PL1”” active site 
(reversion Alal054Cys) occurred within a few passages on MRC-5 cells. 
The growth kinetics and RNA synthesis of the reverted virus were indis- 
tinguishable from those of the parental HCoV 229E virus. This indicates 
that although an active PL1?"° enzyme is not absolutely required for vi- 
rus replication it is still beneficial in terms of virus fitness. 
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Fig. 6A-C. Rescue of recombinant HCoV 229E ablated for PL1?"° activity. A North- 
ern blot analysis of poly(A)-containing RNA from BHK-21 cells which have been 
transfected with in vitro synthesized HCoV-inf-1 RNA (lane 2), HCoV-PL1(—) RNA 
(lane 3) or HCoV-PL2(—) RNA (lane 4). Poly(A)-containing RNA from HCoV 229E- 
infected MRC-5 cells was used as a marker. B Growth kinetics of parental HCoV 
229E and recombinant HCoV-PL1(—) determined after infection of MRC-5 cells 
(moi=1). C The reversion of the PL1?° active site mutation (GCC; Alal054) 
of HCoV-PLI(—) to the parental sequence (UGC; Cys1054) during 6 passages on 
MRC-5 cells is illustrated 
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3.2 
Analysis of IBV Spike Chimeras 


IBV is an important veterinary pathogen and, in common with other 
coronaviruses, the virus surface glycoprotein is thought to be an impor- 
tant determinant of cell tropism. To test this, the vaccinia virus-based 
coronavirus reverse genetic system has been used to produce a recombi- 
nant IBV in which the ectodomain region of the spike gene from IBV 
M41-CK replaced the corresponding region of the IBV Beaudette ge- 
nome (Casais et al. 2003). Analysis of the recombinant IBV BeauR- 
M41(S) showed that it had acquired the same growth characteristics and 
cell tropism as IBV M41-CK in vitro. These results demonstrate that the 
IBV spike glycoprotein is a determinant of cell tropism and, importantly, 
they show that the reverse genetic system can be used to generate re- 
combinant coronaviruses with a precisely modified genome which may 
be used as vaccine strains. 


3.3 
Recombinant MHV Is Fully Pathogenic in Mice 


MHV is the prototype of the class II coronaviruses, a group that also in- 
cludes the SARS coronavirus. Moreover, MHV is the most experimental- 
ly accessible coronavirus system. For example, MHV-A59 replicates to 
high titres in cell culture and there exists a collection of tempera- 
ture-sensitive mutants which are defective in the synthesis of viral RNA 
(Siddell et al. 2001). These features should facilitate the analysis of coro- 
navirus RNA synthesis and aid in the elucidation of functions associated 
with coronavirus replicase proteins. Furthermore, the natural host of 
MHV is the mouse. There is a wealth of genetic and immunological in- 
formation relating to inbred mouse strains, and there are an increasing 
number of transgenic mice strains which are ablated or defective in the 
expression of functional host cell genes, particularly those encoding 
proteins related to the immunological response to virus infection. MHV 
infection, therefore, is an ideal tool to study both the innate and adap- 
tive immune responses to viruses. Finally, there are a number of infor- 
mative animal disease models based on MHV infection, including mod- 
els of virus-related demyelination and viral hepatitis (Haring and 
Perlman 2001). These models have provided, and will continue to pro- 
vide, insights into the pathogenesis of virus infections. Recently, we have 
established a vaccinia virus-based reverse genetic system for MHV-A59 
(Coley et al., manuscript in preparation). Our preliminary results indi- 
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Fig. 7. Plaque morphology and growth kinetics of recombinant MHV-inf-1 generat- 
ed from cloned full-length cDNA. Recombinant MHV was rescued, plaque purified 
and propagated by a single passage in murine 17 clone 1 cells. The stock was titrated 
by plaque assay on 17 clone 1 cells. The photographs show the 10° dilution of both 
MHV-A59 (strain OH99) and recombinant MHV-inf-1. The replication kinetics of 
MHV-A59 and MHV-inf-1 in 17 clone 1 cells were also found to be identical 


cate that the recombinant MHV-A59 replicates in cell culture to the same 
titre and with the same plaque morphology as laboratory-adapted 
strains of MHV-A59 (Fig. 7). Also, the recombinant virus replicates to 
comparable titres in mouse tissues, has approximately the same viru- 
lence as non-recombinant MHV-A59 and produces the same histopatho- 
logical changes in the brains and liver of infected mice (Coley et al. 
manuscript in preparation). 
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4 
Generation of Replicon RNAs 


The development of reverse genetic systems for coronaviruses provides 
an opportunity to carry out an extensive biological characterization of 
the viral replicative proteins and functions. In addition to the analysis of 
recombinant coronaviruses, replicative functions can also be studied in 
non-infectious systems. For example, the concept of using autonomously 
replicating RNAs (replicon RNAs) has been explored in a number of 
positive-strand RNA virus systems and has greatly facilitated the func- 
tional analysis of viral replication and transcription (Pietschmann and 
Bartenschlager 2001; Westaway et al. 2003). Furthermore, selectable rep- 
licon RNAs that carry a marker for selection in cell culture have been 
developed in order to generate stable, replicon RNA-containing cell 
lines. Such cell lines have been used to study replicative functions and 
are of particular interest if a virus cannot be efficiently propagated in 
tissue culture, e.g. hepatitis C virus. Because no structural genes and, 
therefore, no infectious viruses are formed, replicon-based systems also 
represent an attractive tool for the analysis of replicative functions if the 
pathogenicity of the virus is a concern. 


4.1 
Replicase Gene Products Suffice for Discontinuous Transcription 


For most positive-strand RNA viruses, the replicase gene and the 5’- and 
3’-genomic termini suffice for autonomous replication of the viral RNA. 
It has been demonstrated that, indeed, the presence of 5’- and 3’-genom- 
ic termini of coronavirus genomes is necessary for efficient replication 
of defective RNAs in helper virus-infected cells (Kim et al. 1993). The 
availability of reverse genetic systems now allows us to analyse the role 
of the replicase gene products in coronavirus replication and transcrip- 
tion. Based on the full-length HCoV 229E cDNA, cloned in a vaccinia vi- 
rus vector, an RNA has been constructed that contains the 5’ and 3’ ends 
of the genomic RNA, the entire replicase gene, and a single reporter gene 
(encoding for GFP) (Fig. 8A; Thiel et al. 2001b). The GFP gene has been 
cloned downstream of the replicase gene and a transcription regulatory 
sequence (TRS) to enable the synthesis of a subgenomic mRNA encod- 
ing GFP. When this RNA was transfected into BHK-21 cells, a small per- 
centage of cells displayed green fluorescence, indicative for GFP expres- 
sion. After isolation of poly(A)-containing RNA from BHK-transfected 
cells an RT-PCR product could be identified which represents the lead- 
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er-body junction of a subgenomic mRNA encoding GFP. Sequence anal- 
ysis of this RT-PCR product showed that coronavirus-specific, subge- 
nomic mRNA synthesis has occurred and the leader-body fusion has 
taken place at the expected position (Fig. 8B). These results demonstrate 
conclusively that the coronavirus replicase gene products are the only 
viral proteins needed to assemble a functional complex capable of dis- 
continuous transcription. However, it should be noted that these results 
do not prove that replication of the transfected RNA has occurred, nor 
do they exclude the possibility that additional viral or host cell proteins 
may have regulatory roles in coronavirus replication or transcription. It 
is striking in this respect that only a small percentage (~0.1%) of green 
fluorescent cells could be observed after RNA transfection into BHK-21 
cells. In a similar experiment, HCoV 229E-based vector RNA has been 
transfected into BHK-21 cells together with a synthetic mRNA encoding 
for the HCoV 229E N protein. In this case about 3% of green fluorescent 
cells could be observed (Thiel et al. 2003). This result again indicates 
that the coronavirus N protein might be involved (directly or indirectly) 
in the (regulation of) replication and/or transcription of viral RNA. Fur- 
ther studies are needed to address this issue and, clearly, reverse genetic 
approaches represent valuable tools to study the putative function(s) of 
coronavirus N proteins. 


4.2 
Generation of Autonomously Replicating RNAs 


Although our analysis of replicon RNAs revealed the basic requirements 
for coronavirus discontinuous transcription, we were unable to demon- 
strate replication of coronavirus replicon RNAs in transfected cells. 
While using the reverse genetic system for the recovery of recombinant 
coronaviruses and during the development of coronavirus multigene 
RNA vectors, we have gained evidence that the nucleocapsid protein fa- 


S$ 


Fig. 8A, B. Replicase gene products suffice for coronavirus discontinuous transcrip- 
tion. A The structural relationship of the HCoV 229E genome, the in vitro-tran- 
scribed HCoV-vec-1 RNA and the intracellular mRNA produced by coronavirus 
transcriptase-mediated discontinuous transcription is illustrated. B The sequence of 
the transcription regulating sequence (TRS) region of the intracellular GFP mRNA 
was obtained from an RT-PCR product of poly(A)-containing RNA from HCoV-vec- 
1-transfected cells. The sequences corresponding to the HCoV 229E leader (L), the 
TRS region and the first 10 nt of the GFP-ORF are shown 
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Fig. 9. Generation of stable cell lines containing autonomously replicating coronavi- 
rus RNA. The structural relationship of the HCoV 229E genome, the in vitro-tran- 
scribed replicon RNA and the intracellular mRNAs (GFP and N mRNAs) produced 
by coronavirus replicase/transcriptase-mediated discontinuous transcription is illus- 
trated. The insertion of the neomycin resistance gene at the replicase nsp1/nsp2 
junction allows the selection of stable cell lines with G418 


cilitates the rescue of recombinant coronaviruses and, furthermore, in- 
creases the number of cells that contain an active transcription complex 
after electroporation of vector RNAs. Consequently, we constructed an 
RNA that contains the 5’ and 3’ ends of the HCoV 229E genome, the 
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HCoV 229E replicase gene, the GFP reporter gene and the HCoV 229E 
nucleocapsid gene. In addition, to provide the basis for the selection of 
stable cell clones that contain autonomously replicating RNA, we have 
introduced a selectable marker gene into the replicase gene conferring 
resistance to neomycin (Fig. 9). 

After transfection of this selectable replicon RNA into BHK-21 cells 
we were, indeed, able to select multiple cell clones containing an au- 
tonomously replicating RNA. These cells have been shown to stably 
maintain the replicating RNA and, moreover, display green fluorescence 
due to the replicon RNA-mediated GFP expression (Hertzig et al. 2004). 
This is the first example of coronavirus-derived RNAs which can be se- 
lected for replication in cell culture. The selectable replicon RNA, in 
combination with GFP reporter gene expression, provides an excellent 
basis to analyse the function of coronavirus replicase inhibitors in cell 
culture. Thus it is now possible to test the effects of antiviral compounds 
on coronavirus replication by simply seeding out the replicon RNA-con- 
taining cells and assaying for reporter gene expression levels. Decreasing 
reporter gene expression will indicate putative antiviral activity of a par- 
ticular compound, which can then be tested for specificity and efficacy. 
Given the striking similarities of replicative enzymes and functions 
amongst coronaviruses, the currently available replicon RNA, based 
on HCoV 229E, can already be used to screen for suitable drugs which 
target coronavirus infections, including SARS. In the long term, a 
SARS-CoV replicon RNA can be used to screen for SARS-specific in- 
hibitors. The SARS-CoV replicon system will provide a versatile platform 
technology which allows the development of a high-throughput antiviral 
screening assay based on reporter gene expression. Furthermore, it cir- 
cumvents biosafety concerns associated with SARS-CoV, because it rep- 
resents a rapid, convenient and safe assay for SARS-CoV replication 
without the need to grow infectious SARS-CoV. 


5 
Development of Coronavirus-Based Multigene Vectors 


The molecular biology of coronaviruses and the specific features of the 
human coronavirus 229E (HCoV 229E) system indicate that HCoV 
229E-based vaccine vectors have the potential to become a new class of 
viral vaccines. First, the receptor for HCoV 229E, human aminopepti- 
dase N (hAPN or CD13) is expressed on human dendritic cells (DC) and 
macrophages, indicating that targeting of HCoV 229E-based vectors to 
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professional antigen-presenting cells can be achieved by receptor-medi- 
ated transduction. Second, coronaviruses display a unique transcription 
mechanism resulting in the synthesis of multiple subgenomic mRNAs 
encoding mainly structural proteins. Because the structural genes can 
be replaced by multiple heterologous genes, these vectors represent safe, 
non-infectious vector RNAs. Third, it has been shown that HCoV 229E 
multigene vectors can be packaged to virus-like particles (VLPs) if the 
structural proteins are expressed in trans. Most interestingly, VLPs con- 
taining HCoV 229E-based vector RNA have the ability to transduce hu- 
man DC and to mediate heterologous gene expression in these cells 
(Thiel et al. 2003). Thus the expression of multiple antigens in combina- 
tion with specific DC tropism represents an unprecedented potential to 
induce both T cell and antibody responses against multiple antigens. Fi- 
nally, coronavirus infections are mainly associated with respiratory and 
enteric diseases and natural transmission of coronaviruses occurs via 
mucosal surfaces. HCoV 229E infections are mainly encountered in chil- 
dren, and re-infection occurs frequently in adults. It is therefore unlikely 
that preexisting immunity against HCoV 229E will have a significant im- 
pact on the vaccination efficiency if HCoV 229E-based vectors are used 
in humans. 


5.1 
Multigene Expression Using Coronavirus-Based Vectors 


With the reverse genetic systems available, it is now possible to make 
use of the unique characteristics of coronavirus transcription to develop 
coronavirus expression vectors. The rationale of expressing heterologous 
genes with coronavirus-mediated transcription is to insert a transcrip- 
tional cassette, comprised of a TRS located upstream of the gene of in- 
terest, into a coronavirus genome, minigenome or vector RNA. We have 
explored a vector RNA-based strategy using the HCoV 229E reverse ge- 
netic system and could show for human coronavirus vector RNAs that a 
region of at least 5.7 kb is dispensable for discontinuous transcription 
(Thiel et al. 2001b). This region contained all structural genes, and 
therefore our vector RNAs are not infectious. For the construction of co- 
ronavirus-based non-infectious, multigene vectors, we consider that 
about one-third of the genome, or up to 9 kb, could be replaced by mul- 
tiple transcriptional cassettes. Indeed, we could demonstrate that it is 
possible to construct a human coronavirus vector RNA capable of 
mediating the expression of multiple heterologous proteins, namely 
the chloramphenicol-acetyltransferase, the firefly luciferase and GFP 
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Fig. 10. Multigene RNA vectors based on coronavirus transcription. The structural 
relationship of HCoV-based vector ORFs, TRS elements (arrows) and the intracellu- 
lar mRNAs produced by coronavirus-mediated transcription is illustrated, together 
with the intracellular translation products (i.e. the replicase/transcriptase, CAT, LUC 
and GFP) 


(Fig. 10). These results indicate that coronavirus-based vector systems 
might be useful for heterologous gene expression, especially for longer 
and multiple genes. 


5.2 
Coronavirus-Based Vectors as Potential Vaccines 


An important consideration for viral vaccine vectors is their potential 
for efficient delivery of their genetic material to specific target cells. For 
example, targeting of viral vaccine vectors to dendritic cells (DC) is 
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highly desirable in order to optimize vaccine efficacy. In this respect, 
it is important to note that the HCoV 229E receptor, human aminopep- 
tidase N (hAPN or CD13), is expressed at high levels on human DC 
(Summers et al. 2001). This implies that HCoV 229E-based VLPs could 
be used to efficiently (receptor-mediated uptake) transduce these cells. 
Indeed, it has been demonstrated that HCoV 229E-based VLPs can be 
used to transduce immature and mature human DC and that vector-me- 
diated heterologous gene expression can be achieved in human DC 
(Thiel et al. 2003). Multigene vectors, based on HCoV 229E, represents a 
particularly promising tool to genetically deliver multiple genes such as 
tumour or HIV antigens and immunostimulatory cytokines to human 
DC. 

Despite the remarkable potential of human coronavirus vectors as 
vaccines, the efficacy of coronavirus multigene vectors has not yet been 
demonstrated in vivo. For obvious reasons, a small animal model is de- 
sirable to address this issue. We have, therefore, established a reverse ge- 
netic system for MHV (see Sect. 3.3) which allows construction of MHV 
vector RNAs resembling their HCoV 229E counterparts. Murine DC can 
be infected with MHV, indicating that the analysis of recombinant MHV 
vectors in the context of a murine animal model may well serve as a 
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Fig. 11. A murine model to assess the efficacy of coronavirus-based multigene vac- 
cine vectors 
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paradigm for the development of coronavirus vaccine vectors (Fig. 11). 
In addition, the murine model will allow the use of inbred and transgen- 
ic mice and a variety of established immunological techniques which are 
indispensable for the analysis of vector-induced immune responses. 

An important prerequisite to study of the efficacy of coronavirus vac- 
cine vectors is the availability of VLPs that can be produced to high ti- 
tres. Therefore, packaging cell lines must be established which mediate 
the expression of coronavirus structural proteins in trans. It has been 
shown that recombinant MHV defective-interfering particles can be pro- 
duced in the absence of helper virus if the structural proteins are ex- 
pressed in trans (Bos et al. 1996). Furthermore, a replication-competent 
but propagation-deficient TGEV vector RNA which lacks the E gene can 
be packaged when the E protein is expressed under the control of the 
cytomegalovirus promoter or by using alphavirus-based expression sys- 
tems (Curtis et al. 2002; Ortego et al. 2002). Once an efficient coronavi- 
rus packaging strategy has been established, the efficacy of coronavirus 
multigene vaccine vectors can be assessed in vivo with the murine ani- 
mal model. 


6 
Discussion 


In the past, the study of coronavirus genetics was broadly restricted to 
the analysis of temperature-sensitive (ts) mutants, the analysis of defec- 
tive RNA templates which depend on replicase proteins provided by a 
helper virus and the analysis of mutant and chimeric viruses generated 
by targeted recombination. Each of these methods produced valuable in- 
formation, but, in one way or another, each has its own limitations. For 
example, the generation of ts mutants is essentially a random process 
and a great deal of effort must be expended to produce a comprehensive 
collection of mutants representing the possible complementation groups 
or cistrons encoded in the coronavirus genome. Similarly, targeted re- 
combination is a powerful tool for the generation of site-specific corona- 
virus mutants and chimeras. However, for technical reasons, it is re- 
stricted to the 3’ one-third of the genome, encoding the structural and 
accessory proteins. So the development of reverse genetic approaches 
which do not have these limitations should provide a tremendous impe- 
tus to the study of coronavirus replication and biology. We predict that 
the new reverse genetic systems, including the one described here, will 
be used very quickly to study the structure and function of coronavirus 
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replicase genes and genes that are non-essential for replication in cell 
culture but clearly provide a selective advantage in vivo. We also predict 
that the reverse genetic systems will lead to the development of sophisti- 
cated RNA replicon systems which will be used as vectors for the deliv- 
ery of heterologous genes in gene therapy and as biosafe diagnostic tools 
for the identification of, for example, coronavirus replicase inhibitors. 
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Abstract The genomes of transmissible gastroenteritis virus (TGEV) and mouse hep- 
atitis virus (MHV) have been generated with a novel construction strategy that al- 
lows for the assembly of very large RNA and DNA genomes from a panel of contigu- 
ous cDNA subclones. Recombinant viruses generated from these methods contained 
the appropriate marker mutations and replicated as efficiently as wild-type virus. 
The MHV cloning strategy can also be used to generate recombinant viruses that 
contain foreign genes or mutations at virtually any given nucleotide. MHV molecular 
viruses were engineered to express green fluorescent protein (GFP), demonstrating 
the feasibility of the systematic assembly approach to create recombinant viruses ex- 
pressing foreign genes. The systematic assembly approach was used to develop an 
infectious clone of the newly identified human coronavirus, the serve acute respira- 
tory syndrome virus (SARS-CoV). Our cloning and assembly strategy generated an 
infectious clone within 2 months of identification of the causative agent of SARS, 
providing a critical tool to study coronavirus pathogenesis and replication. The 
availability of coronavirus infectious cDNAs heralds a new era in coronavirus genet- 
ics and genomic applications, especially within the replicase proteins whose func- 
tions in replication and pathogenesis are virtually unknown. 
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1 
Introduction 


Molecular analysis of the structure and function of RNA virus genomes 
has been profoundly advanced by the availability of full-length cDNA 
clones, the source of infectious RNA transcripts that replicate efficiently 
when introduced into permissive cell lines (Boyer and Haenni 1994). 
Coronaviruses contain the largest single-stranded, positive-polarity 
RNA genome of about 30 kb (Cavanagh et al. 1997; de Vries et al. 1997; 
Eleouet et al. 1995). Until recently, coronavirus genetic analysis has been 
limited to analysis of temperature-sensitive (ts) mutants (Fu and Baric 
1992, 1994; Lai and Cavanagh 1997; Schaad and Baric 1994; Stalcup et 
al. 1998), defective interfering (DI) RNAs (Izeta et al. 1999; Narayanan 
and Makino 2001; Repass and Makino 1998; Williams et al. 1999), and 
recombinant viruses generated by targeted recombination (Fischer et al. 
1997; Hsue and Masters 1999; Kuo et al. 2000). Among these, targeted 
recombination is the seminal approach developed to systematically as- 
sess the function of individual mutations in the 3’-most ~10 kb of the 
MHV genome. Methods to assemble an MHV full-length infectious con- 
struct have been hampered by the large size of the genome, the regions 
of chromosomal instability, and the inability to synthesize full-length 
transcripts (Almazan et al. 2000; Masters 1999; Yount et al. 2000). This is 
especially problematic within the group 2 coronavirus replicase, where 
several regions of chromosomal toxicity and instability have hampered 
the development of infectious cDNAs. Full-length infectious constructs 
will allow for the systematic dissection of the structure and function of 
each viral gene, the phenotypic consequences of gene rearrangement on 
virus replication and pathogenesis, the development of coronavirus het- 
erologous gene expression systems, and a clearer understanding of the 
transcription and replication strategy of the Coronaviridae. In this re- 
port, we review strategies for building coronavirus infectious cDNAs by 
using mouse hepatitis virus strain A59 as a model. 


2 
The Coronavirus Genome 


The coronavirus genome, a single-stranded RNA, is the largest viral 
RNA genome known to exist in nature (27.6-31.3 kb). Genomic RNAs 
have a 5’ terminal cap and a 3’ terminal poly (A) tail. In addition, a lead- 
er sequence of 65-98 nucleotides and a 200- to 400-base pair untranslat- 
ed region are located at the 5’ terminus, whereas a 200- to 500-base pair 
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untranslated region is located at the 3’ terminus. The 5’ most two-thirds 
of the genome encodes the replicase gene in two open reading frames 
(ORFs), la and 1b, the latter of which is expressed by ribosomal 
frameshifting (Almazan et al. 2000; Eleouet et al. 1995). Like many other 
positive-sense RNA viruses, the coronavirus replicase is translated as a 
large precursor polyprotein that is processed by viral proteinases, giving 
rise to ~15 replicase proteins. The functions of most of the coronavirus 
replicase proteins are unknown. However, based on nucleotide sequence 
homology and empirical studies, identifiable functions include two pa- 
painlike cysteine proteases, a chymotrypsin-like 3C protease, a cysteine- 
rich growth factor-related protein, an RNA-dependent RNA polymerase, 
a nucleoside triphosphate (NTP)-binding/helicase domain, and a zinc- 
finger nucleic acid-binding domain (Enjuanes et al. 2000a; Penzes et al. 
2001; Siddell 1995). Most of the replicase gene products colocalize with 
replication complexes at sites of RNA synthesis on internal membranes. 
However, a spectrum of genetically informative mutations have not been 
systematically targeted to any of these replicase proteins, so we have lit- 
tle insight into the organization of the replicase complex and the loca- 
tion of functional motifs, which regulate transcription, replication, and 
RNA recombination. Because of the extremely rich milieu of molecular 
reagents that are available against the replicase proteins, the availability 
of a molecular clone of MHV allows for the first time a systematic genet- 
ic analysis of gene 1 function in coronavirus replication. 


3 
Systematic Approaches to Assembling Coronavirus cDNAs 
from a Panel of Contiguous Subclones 


Coronavirologists have seized on several different strategies to build in- 
fectious cDNA clones. However, all were primarily designed to circum- 
vent problems associated with the large size of the coronavirus genome, 
regions of chromosomal instability, and other problems associated with 
the production of full-length infectious transcripts (Almazan et al. 2000; 
Masters 1999; Yount et al. 2000). Our solution was to assemble infectious 
cDNAs from a panel of contiguous subclones that spanned the entire 
length of the TGEV and MHV genomes. Each subclone was flanked by 
unique restriction sites with characteristics that allow for the systematic 
and precise assembly of a full-length cDNA with in vitro ligation. For 
this strategy to be efficient, restricted subclone fragments had to be in- 
capable of self-concatemer formation and not spuriously assemble with 
other noncontiguous subclones. 
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Conventional class II restriction enzymes, such as EcoRI, leave identi- 
cal sticky ends that assemble with similarly cut DNA in the presence of 
DNA ligase (Pingoud and Jeltsch 2001; Sambrook et al. 1989). Because 
these enzymes leave identical compatible ends, digested fragments ran- 
domly self-assemble into large concatamers and, therefore, they are poor 
choices for assembling large intact gnomes or chromosomes. However, 
a second group of class II restriction enzymes (i.e., BglI, BstXI, SfI) also 
recognize a symmetrical sequence but leave random sticky ends 1-4 nu- 
cleotides in length, and consequently, restrict assembly cascades along 
specific pathways (Table 1). For example, the type II restriction enzyme, 
Bgll, recognizes the symmetrical sequence GCCNNNN!NGGC and 
cleaves a random DNA sequence on average every ~4,096 base pairs. Be- 
cause 64 different 3-nucleotide overhangs can be generated, DNA frag- 


Table 1. Selected restriction enzymes used in assembly of recombinant full-length gen- 


omes 
Restric- Recognition site No. of Average Actual frequency 
tion variable cutting of compatible 
enzyme* sticky end frequency” ends? 
Bell GCCNNNN|NGGC 3 nt/64 ~4,096 nt ~261,344 nt 
potential ends 
CGGNTNNNNCCG 
BstX]I CCANNNNN|NTGG 4 nt/256 ~4,096 nt ~1,045,376 nt 
potential ends 
GGTN{|NNNNNACC 
Sf GGCCNNNN|NGGCC 3 nt/64 ~65,536 nt ~4,194,304 nt 
potential ends 
CCGGN}TNNNNCCGG 
Sapl GCTCTTCN|NNNN 3 nt/64 ~16,385 nt (in ~1,048,640 nt* 
potential ends either strand) 
CGAGAAGNNNNN{ 
Aarl CACCTGCNNNN|NNNN 4 nt/256 ~16,385 nt (in ~4,194,304 nt* 
potential ends either strand) 
GTGGACGNNNNNNNN1 
Esp3I CGTCTCN|NNNN 4 nt/256 ~4,096 nt (in ~1,048,576 nt* 
(BsmBI) potential ends either strand) 
GCAGAGNNNNN{ 


“ Other enzymes leaving many different overhangs: BsmFI, EclHkI, FokI, Mboll, 
Tthilll, Ahdl, Drdi, BspMI, BsmAI, Bcgl, BmRI, Bpml, Bsal, Bsel, Earl, PfiMI, BstV2, 
VpaK32I, Abel, Ppil. 

Assuming a totally random DNA sequence; *asymmetric cutters like SapI, Aarl 
and Esp3I can have recognition sites in either strand of DNA so actual site frequen- 
cy is ~1/2 of indicated values and can be engineered as “no-see-um” (Yount et al. 
2002). 
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ments will only assemble with the appropriate 3-nucleotide complemen- 
tary overhang generated at an identical Bell restriction site. As a result, 
identical ends are generated every ~264,000 base pairs, providing a pow- 
erful means for the construction of very large DNA and RNA genomes. 
Consonant with these findings, the type IIS restriction enzyme, Esp3l, 
recognizes an asymmetric sequence and makes a staggered cut 1 and 
5 nucleotides downstream of the recognition sequence, leaving 256, 
mostly asymmetrical, 4-nucleotide overhangs (GCTCTCN'NNNN). As 
identical Esp3I sites are generated every ~1,000,000 base pairs or so in a 
random DNA sequence, most restricted fragments usually do not self-as- 
semble (Yount et al. 2002). Rather, specific recursive assembly pathways 
can be designed that hypothetically allow assembly of >1 million base 
pair DNA genomes (2° fragments) (Table 1). We took advantage of 
several unique properties inherent in type II restriction enzymes to 
build coronavirus infectious cDNAs. 

Initially, we isolated five cDNA subclones spanning the entire TGEV 
genome (designated TGEV A, B, C, D/E, and F) by RT-PCR using primers 
that introduced unique BglI restriction sites at the 5’ and 3’ ends of each 
fragment without altering the amino acid coding sequences of the virus 
(Table 2). The TGEV A, C, DE, and F clones were stable in plasmid DNAs 
in Escherichia coli. The B fragment, however, was unstable, containing 
deletions or insertions in the wild-type sequence at a region of instabili- 
ty in the TGEV genome noted by other investigators (Almazan et al. 
2000; Eleouet et al. 1995). To prevent fragment instability, we used prim- 
er-mediated mutagenesis to bisect the B fragment at the unstable site 
with an adjoining BstXI (CCATTCAC!TTGG) site, resulting in TGEV Bl 
and TGEV B2 amplicons (Fig. 1; Table 2). It is likely that sequences 


Table 2. Design of TGEV junction sequences 


Restriction site junction Location Junction 
5'-GCCTGTT' TGGC-3’ Bgll, nt 6,159 A-Bl 
3'-CGGA,CAAACCG-5’ 

5'-CCATTCAC' TTGG-3’ BstXI, nt 9,949 B1-B2 
3'-GGTA; AGTGAACC-5' 

5!-GCCGCAT!TGGC-3’ Bgll, nt 11,355 B2-C 
3'-CGGC;GTAGCCG-5’ 

5'-GCCTTCT!TGGC-3’ Bgll, nt 16,595 C-D/E1 
3'-CGGA,AGAACCG-5’ 

5'-GCCGTGC! AGGC-3’ Bgll, nt 23,487 D/E1-F 


3’-CGGC,;ACGTCCG-5' 
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(9600-9950) in and around the TGEV 3C like protease (3CL?"’) motif 
are either bactericidal or unstable in microbial vectors (Almazan et al. 
2000; Yount et al. 2000). The resulting 6 fragments, TGEV A, B1, B2, C, 
D/E, and F, were ligated in vitro to generate a full-length cDNA of the 
TGEV genome (Fig. 1). Molecularly cloned viruses were indistinguish- 
able from wild type and contained the marker mutations and unique 
BglI and BstXI junction sequences used in the assembly of the infectious 
construct (Yount et al. 2000). 


4 
Assembling MHV Infectious cDNAs 


One potential problem with the original approach was that several “si- 
lent” mutations were inserted to introduce the unique BglI sites into the 
TGEV component clones. To circumvent this problem, a variation of the 
systematic assembly approach was used to build the group II coronavi- 
rus, mouse hepatitis virus (MHV) infectious cDNA (Yount et al. 2002). 
The enzyme Esp3I recognizes an asymmetrical site and cleaves external 
to the recognition sequence, allowing for traditional and “no-see-um” 
cloning applications (Fig. 2, Table 1). With traditional approaches, Esp3] 
sites can be oriented to reform the recognition site after ligation of two 
MHV cDNAs, leaving the restriction site within the genomes of recombi- 
nant viruses. However, the Esp3I recognition site is asymmetrical, so a 
simple reverse orientation allows for the insertion of an Esp3I recogni- 
tion sequence on the ends of two adjacent clones with the cleavage site 
derived from virtually any 4-nucleotide sequence combination dictated 
by the virus sequence. On cleavage and ligation with the adjoining frag- 
ment, the Esp3I sites are lost from the final ligation products, leaving a 


Fig. 1. Strategy for the systematic assembly of TGEV full-length cDNA. The TGEV 
genome is a positive-sense, single-stranded RNA of about 28.5 kb. Six independent 
subclones (A, B1, B2, C, DE, and F) that span the entire length of the genome were 
isolated by RT-PCR using primer pairs that introduced unique Notl, BglI, and/or 
BstX1 restriction sites at each end. On ligation, the intact viral genome is generated 
as a CDNA. A unique T7 start site and a 25 poly(T) tail allow for in vitro transcrip- 
tion of full-length, capped, polyadenylated transcripts (Yount et al. 2000). PL, pa- 
painlike protease; 3CL?”, 3CL protease; GFL, growth factor like; pol, polymerase mo- 
tif; MIB, metal binding motif; hel, helicase motif; VD/CD, variable or conserved do- 
mains 
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Esp3l 
5' -CGTCTCN- 3' 
a 3' -GCAGAGNNNNN- 5’ 
Traditional 
Esp3l Esp3l | 
5! ——. | . 
MHYV A Subclone(CSTETCACCTCN _ 5' NNNNCGTCTCACCTC 
3 GCAGAGTGGAGN 3'-NNNNGCAGAGTGGAG Z 
Esp3l 


5' a 
CGTCTCACCTC 
» MHV A Subclone GCAGAGTGGAG MHV B Subclone : 


No See’m Technology 


| Esp3l | 
5 a 3 
ATCCCTGAGACGNNNNN 5' -NNNNCGTCTCATCCC 
3' By evneQone TAGGGACTCTGCNNNNN 3'- NNNNGCAGAGTAGG MHV B Subclone 5! 
t Esp3l { 


Intact MHV Sequence 


5 aa 3} 
ATCCC 
MHV A Subclone TAGGG MHV B Subclone P 


Esp3l Site Lost 


Fig. 2. Use of Esp3I in the traditional and “no-see-um” approaches. The traditional 
approach to the use of Esp3I involves the ligation of two fragments containing iden- 
tical Esp3I restriction sites, resulting in a ligation product with an intact Esp3I site 
remaining. In the “no-see-um” approach, a simple reverse orientation of the restric- 
tion sites allows for the specific removal of the Esp3I site from the two fragments, 
resulting in a ligation product lacking the engineered restriction site. The use of the 
“no-see-um” technology allows for the assembly of large DNAs from smaller sub- 
clones without the incorporation of unique restriction sites into the genome. (Yount 
et al. 2002) 


seamless junction compiled from the exact MHV-A59 sequence. Because 
of this property, unique junctions can be inserted at virtually any posi- 
tion between two component clones without mutating the viral genome 
sequence. Additionally, a large number of other restriction enzymes 
share this property (e.g., SapI, Aarl), expanding the utility of the “no- 
see-um” technology (Table 1). 

During the isolation of the MHV component clones, it was also neces- 
sary to remove three preexisting Esp3I sites located throughout the 
MHV ORF! sequence (Bonilla et al. 1994). Mutations inserted to ablate 
these sites were used as marker mutations to distinguish molecularly 
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cloned and wild-type virus. We then isolated seven consensus cDNAs 
that spanned the entire length of the MHV-A59 genome in the same 
manner as the TGEV infectious construct (Fig. 3). This was necessary 
because the MHV-A59 genome contains several major regions of se- 
quence toxicity in microbial cloning vectors, most of which map be- 
tween ~10 and 15 kb in the MHV ORF 1a/ORF 1b polyprotein and an 
unstable region mapping ~5.0 kb in ORF la. As described for the TGEV 
B fragment, cDNAs were isolated after intersecting the toxic domains 
and separating them into independent subclones. However, many sub- 
clones were still unstable in traditional PUC-based cloning vectors (e.g., 
pGem, TopolII) even when maintained at low temperature. Consequently, 
we used pSMART cloning vectors (Lucigen), which lack a promoter and 
indicator gene and contain transcriptional and translational terminators 
surrounding the cloning site. Instability appears to be associated with 
expression, as this entire domain (nucleotides 9,555-15,754) is also sta- 
ble in yeast vectors (pYES2.1 Topo TA Cloning Kit from Invitrogen) that 
maintain tight regulation over foreign gene expression (Yount et al., un- 
published results). Full-length MHV-A59 cDNA was systematically as- 
sembled through the simultaneous in vitro ligation of a series of seven 
subgenomic cDNAs (Yount et al. 2002). In the future, it may be possible 
to construct larger subgenomic fragments spanning the entire genome 
by using the pSMART cloning vectors, thereby simplifying the assembly 
strategy, although we have not tested this directly. 

The TGEV and MHV A fragments contain a T7 promoter, whereas the 
TGEV F and MHV G fragments terminate in a poly(T) tract at the 3’ 
end, allowing for in vitro T7 transcription of infectious capped, poly- 
adenylated transcripts. The poly(A) tails generated from these tran- 
scripts are 25 nucleotides in length, which appears sufficient for tran- 
script infectivity. At this time, we do not know the minimal number of 
3’ poly(A) residues necessary for transcript infectivity or whether a 5’ 
methylated cap is essential. Electroporation of the genomic-length RNAs 
resulted in the production of recombinant MHV virus with growth char- 
acteristics identical to those of the wild-type viruses (Yount et al. 2000, 
2002). Importantly, the molecularly cloned viruses contained marker 
mutations engineered into the component clones. Inclusion of nuclocap- 
sid(N)-encoding transcripts enhanced the infectivity of full-length MHV 
and TGEV transcripts. In MHV, N transcripts enhanced the infectivity of 
full-length MHV-A59 transcripts by 10- to 15-fold as evidenced by in- 
creased viral antigen expression and virus titers at 25 h postinfection 
(Yount et al. 2002). It is unclear whether MHV N transcripts, N protein, 
or both are essential for increased virus yields after electroporation, or 
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whether this effect would be observed with transcripts encoding unrelat- 
ed genes. Coronaviruses have been demonstrated to package low con- 
centrations of subgenomic mRNAs, especially N transcripts, and several 
studies have suggested that N may function in transcription and replica- 
tion and are tightly associated with the replication complex. With IBV, 
but not TGEV or HCoV-229E, N transcripts are absolutely essential for 
full-length transcript infectivity (Casais et al. 2001). With HCoV-229E, 
other groups have shown that the N gene is not required for subgenomic 
transcription (Thiel et al. 2001). Clearly, additional studies are needed to 
evaluate the role of N protein in RNA transcript infectivity. 

The MHV cDNA cassettes can be ligated systematically as described 
for TGEV or simultaneously. Although numerous incomplete assembly 
intermediates were evident, our demonstration that simultaneous liga- 
tion of seven cDNAs will result in full-length cDNA will simplify the 
complexity of the assembly strategy. At this time, there is no evidence to 
indicate that this approach might introduce spurious mutations or ge- 
nome rearrangements from aberrant assembly cascades. However, it is 
possible that such variants might arise after RNA transfection, as a con- 
sequence of high-frequency MHV RNA recombination between incom- 
plete and genome-length transcripts. It is likely that such variants would 
be replication impaired and rapidly out-competed by wild-type virus. A 
second limitation is that the yield of full-length cDNA product is re- 
duced, resulting in less robust transfection efficiencies compared with 
the more traditional systematic assembly method. At this time, the 
MHV approach suffers from the large number of component clones (sev- 
en), which increase the complexity of the system and reduce the yield of 
full-length cDNA product after in vitro ligation. If the large number of 
toxic domains in the MHV genome is duplicated in other group II coro- 
naviruses, this will likely interfere with the development of other infec- 
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Fig. 3. Systematic assembly strategy for the construction of MHV-A59 full-length 
cDNA. The MHV genome is a positive-sense, single-stranded RNA of ~31.5 kb. Sev- 
en independent subclones (A, B, C, D, E, F, and G) that span the entire MHV genome 
were isolated by RT-PCR. Unique BglI and Esp3I restriction sites, located at the 5’ 
and 3’ ends of each subclone, were used to assemble a full-length cDNA. A unique 
T7 start site was inserted at the 5’ end of the MHVA fragment and a 25 poly(T) tail 
was inserted at the 3’ end of the MHV F fragment, allowing for in vitro transcription 
of full-length, capped, poly-adenylated transcripts. Note: Esp3I sites are lost in the 
assembly process. (Yount et al. 2002) 
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tious cDNAs as well. Topics of future research include: (1) Can group II 
coronavirus cDNAs be stabilized as full-length constructs in bacterial ar- 
tificial chromosomes or poxvirus vectors as has been reported with 
TGEV, IBV, and HCoV 229E? (2) How does N function to enhance infec- 
tivity of full-length transcripts? (3) How can we enhance yields or the in- 
fectivity of coronavirus infectious cDNAs and transcripts and allow for 
critical review of the consequences of lethal mutations? (4) Can we re- 
duce the number of component clones needed to assemble group II co- 
ronavirus infectious cDNAs? 


4.1 
Applications in Genomics 


Our assembly strategy for coronavirus infectious constructs is simple 
and straightforward, although the synthesis of full-length transcripts is 
technically challenging. In contrast to infectious clones of other posi- 
tive-strand viruses, our TGEV and MHV constructs must be assembled 
de novo and do not exist intact in bacterial or viral vectors. This does 
not restrict the method’s applicability for reverse genetic applications. 
Rather, it allows for rapid genetic manipulation of independent sub- 
clones, which minimizes the introduction of spurious mutations else- 
where in the genome during recombinant DNA manipulation. Theoreti- 
cal limits of our method may exceed several million base pairs of DNA 
and will likely surmount the cloning capacity of bacterial (BAC) and eu- 
karyotic artificial chromosome vectors (Grimes and Cooke 1998). Our 
systematic assembly method should also be appropriate for constructing 
full-length infectious clones of other large RNA viruses, including coron- 
aviruses (27-32 kb), toroviruses (24-27 kb), and filoviruses like Mar- 
burg (19 kb) (de Vries et al. 1997; Peters et al. 1996). Viral genomes that 
are unstable in prokaryotic vectors can also be cloned by these methods 
(Boyer and Haenni 1994; Rice et al. 1989). Moreover, the technique 
should allow the systematic assembly of full-length infectious dsDNA 
genomes of adenoviruses, herpesviruses, and perhaps other large DNA 
viruses that promise to be powerful tools in vaccination, gene transfer, 
and gene therapy (Smith and Enquist 2000; van Zijl et al. 1988). Recent- 
ly, genome sequences from a large number of prokaryotic and eukaryot- 
ic organisms have been obtained, providing significant insight into gene 
organization, structure, and function (Cho et al. 1999; Hutchison et al. 
1999) (TIGR homepage http://www.tigr.org). Using this strategy, it may 
be possible to reconstruct a minimal microbial genome from the bottom 
up. However, problems associated with isolating large DNA fragments 
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and the introduction of large DNA genomes into environments that per- 
mit replication will likely be significant hurdles. Nevertheless, our as- 
sembly strategy may provide a means to analyze the function of large 
blocks of DNA, such as pathogenesis islands, or to engineer chromo- 
somes that contain large gene cassettes of interest (Cho et al. 1999). 


4.2 
Engineering MHV Genomes 


Coronaviruses provide a unique system for the incorporation and ex- 
pression of one or more foreign genes (Enjuanes and Van der Zeijst 
1995). Coronavirus genes rarely overlap, simplifying the design and ex- 
pression of foreign genes from downstream intergenic sequences (IS) 
start sites. Integration of the coronavirus RNA genome into the host cell 
chromosome is unlikely (Lai and Cavanagh 1997). Additionally, recom- 
binant viruses or replicon particles could be readily targeted to other 
mucosal surfaces in swine or to other species by simple replacements in 
the S glycoprotein gene, which has been shown to determine tissue- and 
species tropism (Ballesteros et al. 1997; Delmas et al. 1992; Kuo et al. 
2000; Leparc-Goffart et al. 1998; Sanchez et al. 1999; Tresnan et al. 1996). 
Furthermore, coronaviruses infect a number of different species, includ- 
ing human, porcine, bovine, canine, and feline, and are available for the 
development of expression systems (Sanchez et al. 1992). Additionally, 
the coronavirus helical ribonucleocapsid structure may further relax the 
packaging constraints of the virus, as compared to icosahedral struc- 
tures (Enjuanes and Van der Zeijst 1995; Lai and Cavanagh 1997; Risco 
et al. 1996). Selected questions that remain unanswered include: (1) 
What is the coding capacity of coronavirus based expression systems? 
(2) What is the minimal genome required for efficient replication? (3) 
Can high-titer coronavirus replicon particles be obtained for vaccine ap- 
plications? (4) What are the minimal sequence requirements for subge- 
nomic transcription? (5) How many foreign genes can be coordinately 
regulated without impeding virus replication or immunogenicity? (6) 
What are the efficacy, stability, and safety of the recombinant coron- 
aviruses in natural settings? Clearly, these vaccine-related topics will 
provide fruitful avenues of investigation over the next decade and will 
greatly enhance our understanding of the mechanics of coronavirus 
transcription, replication, assembly and release, and pathogenesis. 

The future development of vaccines and expression vectors are partic- 
ularly intriguing applications of our TGEV and MHV infectious clones. 
Importantly, at least two TGEV downstream ORFs encode luxury func- 
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Fig. 4. Rapid mutagenesis of the MHV infectious cDNA with Class IIS restriction en- 


donucleases. Seamless insertion of foreign genes into the coronavirus genome can 


be accomplished with Class HS restriction enzymes. In this case, a target gene is sys- 


tematically 


removed and replaced by a new gene (new insert). Using a primer with 


overlaps a unique upstream (Site A) restriction site, the upstream arm amplicon is 
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tions (ORF 3a and 3b) that may be deleted from the viral genome 
without impacting infectivity (Curtis et al. 2002; Laude et al. 1990; 
McGoldrick et al. 1999; Wesley et al. 1991). We have developed a rapid 
approach that allows seamless insertion of foreign sequences into virtu- 
ally any nucleotide position in the MHV genome, based on class IIS re- 
striction endonucleases (Fig. 4). In this approach, flanking sequences 
around the target domain are amplified as separate arms linked by un- 
ique class IS restriction site oriented as described in Fig. 3. A third am- 
plicon encoding the payload sequence of interest is isolated and flanked 
by similar class IIS sites. After restriction digestion and ligation, the for- 
eign sequences are inserted into the backbone sequence at any given nu- 
cleotide, leaving no evidence of the restriction sites that were used to 
“sew” the new sequences into the MHV backbone. We have successfully 
expressed GFP from the ORF 3a locus of TGEV (Curtis et al. 2002) and 
ORF 4 of MHV (Fig. 5) (manuscript in preparation), demonstrating the 
feasibility of the method and the use of TGEV and MHV as expression 
vectors. In the case with TGEV, GFP expression was stable for at least 
10 passages. In addition, we have removed the ORF 3a and replaced it 
with GP5 of PRRSV to create icTGEV PRRSV GP5 recombinant viruses 
(Curtis KM and Baric RS, unpublished data). Recombinant viruses ex- 
pressed the PRRSV GP5 glycoprotein as evidenced by indirect immuno- 
fluorescence assay (IFA) and RT-PCR using primer pairs within the 
TGEV leader and PRRSV GP5 gene (data not shown). Recently, expres- 
sion of the reporter gene {-glucuronidase (GUS) and PRRSV ORF 5 
from a TGEV-derived minigenome was demonstrated (Alonso et al. 
2002). Importantly, strong humoral immune responses against GUS and 
PRRSV ORF5 were generated in swine with these vectors, demonstrating 
the feasibility of coronavirus-based vectors for future vaccine develop- 
ment. 


—————————————————————————— SS 


amplified with a second primer (Site B) containing a Esp3I recognition at the 5’ end 
of the nonsense strand of DNA by PCR. A similar approach is used to amplify the 
downstream arm (Site C and D primers). The insert DNA is amplified with primer 
pairs containing compatible C and D Esp3I sites. After PCR amplification and re- 
striction digestion, the new insert can be inserted into the viral genome without evi- 
dence of the restriction sites used in the assembly cascade. A large number of class 
IIS restriction enzymes greatly enhances the plasticity of the approach 
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Fig. 5a, b. Recombinant MHV-A59 expressing GFP. With standard molecular tech- 
niques, ORF 4 was removed and the gene encoding GFP inserted downstream of the 
ORF 4 IS (a). DBT cells were infected with wild-type MHV-A59 (A and C) or icMHV- 
A59 GFP (B and D) and subsequently analyzed for CPE by light microscopy (A and 
B) and GFP expression by fluorescent microscopy (C and D) (b) 
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5 
SARS-CoV Infectious Clone 


Rapid response and control of exigent emerging pathogens require an 
approach to quickly generate full-length cDNAs from which molecularly 
cloned viruses are rescued, allowing for genetic manipulation of the ge- 
nome. Identification of the first human coronavirus to cause consider- 
able morbidity and mortality worldwide provided the first template to 
test the rapidity of our systematic assembly strategy (Drosten et al. 2003; 
Ksiazek et al. 2003). Development of novel vaccine candidates and thera- 
peutics requires a better understanding of viral pathogenesis, a process 
greatly facilitated by the availability of an infectious clone. A systematic 
assembly strategy based on the TGEV infectious clone was employed to 
create an infectious construct of the SARS-CoV, within ~2 months of the 
identification and isolation of genomic SARS-CoV RNA (Yount et al. 
2003). Consensus clones were assembled from sibling clones of each 
SARS-CoV fragment by taking advantage of the special properties of 
asymmetric type IIS restriction enzymes. Within 9 weeks, infectious 
clone SARS-CoV was isolated that was phenotypically indistinguishable 
from wild-type SARS-CoV strains. 

The SARS-CoV genome was cloned as six contiguous subclones that 
could be systematically linked by unique BglII restriction endonuclease 
sites (Fig. 6). Two BglII junctions were derived from sites encoded within 
the SARS-CoV genome at nt 4,373 (A/B junction) and nt 12,065 (C/D 
junction). A third BglII site at nt 1,577 was removed, and new Bell sites 
were inserted by the introduction of silent mutations into the SARS-CoV 
sequence at nt 8,700 (B/C junction), nt 18,916 (D/E junction) and nt 
24,040 (E/F junction). The resulting cDNAs include SARS A (nt 1-4,436), 
SARS B (nt 4,344-8,712), SARS C (nt 8,695-12,070), SARS D (nt 12,055- 
18,924), SARS E (nt 18,907-24,051), and SARS F (nt 24,030-29,736) sub- 
clones. The SARS A subclone also contains a T7 promoter, and the SARS 
F subclone terminates in 21Ts, allowing synthesis of capped, polyadenyl- 
ated transcripts. SARS-CoV infectious clone virus was assembled, tran- 
scribed and transfected as described previously, and recombinant viruses 
contained the marker mutations inserted into the infectious clone. Re- 
combinant viruses produced a mild pneumonia on x-ray in macaques 
similar to wild-type viruses and replicated to similar titers in the mouse 
model (unpublished observation). These data suggest that recombinant 
viruses recapitulated the pathogenesis of wild type in animal models, al- 
lowing for the identification of pathogenesis determinants and develop- 
ing attenuated viruses as candidate live and killed vaccines. 
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Fig. 6. Systematic assembly strategy for the SARS-CoV infectious clone. The SARS- 
CoV genome is about 30 kb in length and contains ~14 open reading frames (ORFs). 
The predicted functions of the group specific ORFs (ORF 3a/b, ORF 6, ORF 7a/b, 
ORF 8a/b, ORF 9b) are unknown. Dark gray squares indicate highly conserved con- 
sensus sequence sites that function in subgenomic RNA synthesis. Six independent 
subclones (A, B, C, D, E, and F) that span the entire SARS-CoV genome were isolated 
by RT-PCR (genome fragments are not shown to scale). The A fragment spans nt 1- 
4436, the B fragment nt 4344-8712, the C fragment nt 8695-12,070, the D fragment 
nt 12,055-18,924, the E fragment 18,907-24,051, and the F fragment nt 24,030- 
29,736. Unique BglI restriction sites located at the 5’ and 3’ ends of each subclone 
were used to assemble a full-length cDNA. A unique T7 start site was inserted at the 
5’ end of the SARS-CoV A fragment, and a 21 poly(T) tail was inserted at the 3’ end 
of the SARS-CoV G fragment, allowing for in vitro transcription of full-length, 
capped, polyadenylated transcripts 


6 
Future Applications 


The availability of infectious cDNA clones will undoubtedly have a pro- 
found effect on the field of coronavirology. These new tools will facilitate 
basic studies and allow for more precise analyses of the molecular mech- 
anisms of viral replication, including the definition of RNA elements im- 
portant for RNA replication, subgenomic RNA transcription, and ge- 
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nomic RNA packaging. In addition, studies of gene function will be en- 
hanced by the availability of infectious cDNA clones by allowing for the 
construction of recombinant viruses and/or replicons containing muta- 
tions and the analysis of their effects on viral replication and assembly. 
MHV has long been used as a premiere model to study coronavirus as- 
sembly and release, replication, transcription, entry, and pathogenesis. 
The availability of MHV and SARS-CoV infectious cDNA clones will 
complement the existing targeted recombination approaches by provid- 
ing a tool for the mutagenesis of the replicase gene, which encode a large 
number of cleavage products that have not been fully characterized. The 
structure and function of the ~20-kb MHV replicase domain will likely 
remain a fertile area of research for the next decade and reveal novel 
protein functions that participate and regulate discontinuous transcrip- 
tion and high-frequency RNA recombination. Although large panels of 
reagents are available for analyzing replicase protein expression, pro- 
cessing, and subcellular localization, a spectrum of genetically informa- 
tive mutations have not been systematically targeted to any of these 
replicase proteins. Given the complexity and size of the coronavirus 
replicase gene, the number of potential mutants that can be generated is 
enormous and will likely require bioinformatic approaches for building 
and testing specific hypotheses. For example, the ORFla C-terminal 
MHV p15 protein is highly conserved among group I through III coron- 
aviruses and contains a large number of conserved cysteine residues and 
predicted phosphorylation, myristylation, and glycosylation sites (pro- 
site, unpublished) (Fig. 7). The original sequence report of p15 also sug- 
gested possible similarities to growth factor-like proteins (Lee et al. 
1991). Recent studies with an IBV homolog suggest that p15 exists as a 
dimer and accumulates on stimulation with epidermal growth factor, 
providing some evidence that the protein might be involved in the 
growth factor signaling pathway (Ng and Liu 2002). A single amino acid 
mutation has been identified in p15 of the temperature sensitive mutant, 
LA6, an MHV-A59 mutant with a defect in RNA synthesis at nonpermis- 
sive temperature (Siddell et al. 2001). The availability of infectious cD- 
NAs allows, for the first time, a systematic mutagenesis approach for 
studying the function of specific structural features within this and oth- 
er replicase proteins. 

Coupled with the capacity to isolate large panels of mutants in each 
of the replicase proteins, selected questions include: (1) Are each of the 
PL1P"°, PL2P*°, and 3CLP”® cleavage sites necessary for MHV replication? 
(2) Are the PL1?*°, PL2?"°, or 3CLP"° proteases essential for replication? 
(3) Are any replicase proteins nonessential? (4) Is replicase gene order 
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Fig. 7. Potential sites of mutagenesis within the C-terminal Orfla p15 replicase pro- 
tein. The MHV p15 replicase protein is highly conserved among all Coronaviridae 
(hatched domains), contains several hydrophobic domains (Hp1-5) and several po- 
tential sites for myristylation (gray triangles), and 10 highly conserved cysteine resi- 
dues (Cys). Several sites for phosphorylation and glycosylation are predicted with 
prosite analysis, although it is unclear whether p15 is phosphorylated or glycosylat- 
ed 


critical? (5) Are replicase proteins interchangeable between the group 1 
and/or group 2 coronaviruses? (6) How do replication complexes form 
on membranes? (7) What replicase complexes regulate discontinuous 
transcription and synthesis of genome-length and subgenomic-length 
mRNAs and negative-strand RNAs? (8) What are the cis-acting sequence 
elements required for genomic RNA packaging and replication? (9) 
What are the structure-function relationships within and between vari- 
ous replicase proteins and/or RNAs? (10) What are the functions of the 
group-specific ORFs, and how do they influence pathogenesis? The next 
decade of research may well be defined as the golden age of coronavirus 
genetics. 
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